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ABSTRACT 
Rebecca B. Wentzel: Constructed Wetlands for Secondary Wastewater Treatment at the San Pedro 
Tesistán Wastewater Treatment Plant in Jocotepec, Jalisco, Mexico 
(Under the direction of Howard Weinberg) 
 
Lake Chapala is the largest lake in Mexico and supplies water to the Guadalajara Metropolitan Zone of 
Central West Mexico, where it is processed into drinking water serving a population of 4.3 million. The 
lake is very polluted from a combination of poorly treated wastewater and the industrially polluted 
rivers that feed into it.  Due to immobilization of government funds to upgrade and maintain existing 
underperforming wastewater treatment plants (WWTPs), a more sustainable treatment approach is 
needed. This report explores the design of an ecological treatment system as an add-on technology to 
one of these plants, the San Pedro Tesistán WWTP in Jocotepec, Jalisco, Mexico. Consultation with 
onsite maintenance personnel, the State of Jalisco Water Commission, and a cultural liaison from the 
University of Guadalajara provided current plant design, water quality data, and information about 
locally available materials. From this information, the cheapest option was developed, namely a 
horizontal subsurface flow constructed wetland system that was designed to meet Mexican water 
quality standards for discharge into Lake Chapala. This case study serves to demonstrate the feasibility 
for communities to better protect their drinking water sources with minimal capital expenditure and 
through utilization of culturally appropriate design and materials. 
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Chapter 1: Introduction 
 This case study is written to address an environmental engineering problem by identifying its 
relevance and scope, designing an appropriate solution, and creating an implementation plan. The 
objective of this report is to explore the potential, design, cost, and consequences of adding a 
constructed wetland to an existing wastewater treatment plant in Mexico. This case study will meet this 
objective in the following ways. Chapter 2 will focus on describing current government regulations 
concerning wastewater in Mexico and where a specific wastewater treatment plant is failing to meet 
those standards. The choice of appropriate technology will be facilitated by a discussion in Chapter 3 of 
engineering principles underlying constructed wetlands. These will lead to governing equations that will 
be used to design the constructed wetland system and evaluate its performance. Finally, in Chapter 4, 
the implementation plan will be compiled to include scheduling, costing, hiring, overseeing, and 
managing of the project on-site in Mexico. Limitations of the report, as well as the broader field of 
study, will be put forth and future considerations addressed in the final chapter. 
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Chapter 2: Problem Identification 
I. Introduction to the Water Crisis in Jalisco, Mexico 
A. Mexico’s Wastewater Problem 
Mexico is experiencing water stress from “an imbalance between water demand and 
availability… due to natural water scarcity as well as uneven water quality distribution”.1 Historically, 
management of water quality has not been a priority for any sector of Mexican society.  In the 1990s 
during Mexico’s water policy reform initiative, there was an emphasis on building infrastructure to 
increase water supply in response to the “neglect of the wastewater” which then led to “water quality 
and the provision of wastewater sanitation services” as “among the most serious water management 
problems in Mexico”.2 
This mismanagement problem is drastically seen in the Lerma-Chapala watershed, in Central 
West Mexico. Lake Chapala is part of the Lerma-Chapala-Santiago river basin and at over 1,100 square 
kilometers,  is the largest freshwater lake in Mexico.3 The Lerma River empties into Lake Chapala and it 
is from here that the Santiago River stems, as 
depicted in Figure 1.4 The lake provides water 
for close to 15 million people within the basin 
and is the primary source of water to the 4.3 
million people of the Metropolitan Zone of 
Guadalajara (MZG), located within the 
catchment.3  The MZG currently consists of 
the cities of Guadalajara, Tlaquepaque, 
Zapopan, Tonalá , and Tlajomulco. The lack of 
management of the basin has made it “one of the most over-committed water basins in the world” with 
depletion exceeding supply annually.5 This annual depletion of such a vital part of Mexican life began to 
Figure 1 Map of Lerma-Chapala-Santiago River Basin, showing 
Lake Chapala’s location4 
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take a toll on the lake itself and Lake Chapala began drying up in the 1980s. In 1989, the federal 
government, in partnership with the local governments of the Mexican states within the basin (which 
later became the Lerma-Chapala river basin council), came to agreement on how to increase and 
improve the management of water. The main objectives were to allocate and regulate water use, 
improve water quality by treating municipal and industrial effluents, increase the efficiency for which 
water is used, and increase conservation of the ecosystem of the basin.5 This case study seeks to address 
only one of these five, the improvement of water quality. 
This history is pertinent to the current status of water quality and management in Mexico 
because over 25 years have passed since this agreement was made. Improvements in water allocation 
and regulation of its use allowed Lake Chapala to avoid drying out by the actions of the river basin 
council, but inaction regarding treating municipal wastewater to improve water quality has rendered 
Lake Chapala still polluted by wastewater discharges. This poses a significant public health risk to the 
surrounding communities, in the form of diarrheal illness from contact with water with pathogenic 
content that is discharged into the lake.  Municipal wastewaters contain many different types of 
microorganisms, in the form of bacteria, viruses and protozoa, some of which are pathogenic. Typical 
pathogenic microorganisms found in municipal wastewaters are listed in Table 1, but the presence and 
quantity of these microbes varies based on presence in population connected to sewerage, and the 
ability of the microorganisms to survive in wastewater.6  
Table 1 Common pathogens found in untreated/ poorly treated municipal wastewater6 
Bacteria Viruses Intestinal Parasites 
Salmonella sp. 
Campylobacter sp. 
Mycobacterium tuberculosis 
E.Coli 
Staphyloccus aureus 
Shigella sp. 
Vibrio cholerae 
Enteroviruses 
Adenovirus 
Hepatitis type A 
Rotavirus 
Reovirus 
Parvovirus 
Giardia lamblia 
Cryptosporidium parvum 
Entamoeba histolytica 
Ascaris lumbricoides 
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According to a 2014 study by the National Water Commission (CONAGUA) on water status 
within the country, Mexico has 2,337 municipal wastewater treatment plants (WWTPs) which process 
around 111 cubic meters of wastewater per second.7 However, according to an earlier 2007 study by the 
same commission “64% of the treatment plants discharged the treated water into natural watercourses” 
even though the water still contained high levels of pathogens and suspended solids.2  
The problem at hand is that Lake Chapala is polluted due to the release of unregulated 
municipal and industrial wastewater into the Lerma River and along the shores of the lake. The 
deterioration of Lake Chapala has resulted from improper water management including not only the 
misallocation of water from the lake but also the lack of control of discharge into it, whether directly by 
dumping or indirectly by inflow of the polluted Lerma River.  Mexico’s Secretariat of Environment and 
Natural Resources (SEMARNAT) issued NOM-001-ECOL-1996 (NOM-001), a standard that caps the 
maximum amount of wastewater discharge allowed into rivers and lakes based on the composition of 
the discharge and the characterization of receiving body. However, there is insufficient enforcement of 
this standard to effectively protect water quality.8 NOM-001 also states that biochemical oxygen 
demand (BOD), chemical oxygen demand (COD), and total suspended solids (TSS) are the only criteria 
used to measure quality although it is argued in the literature that these are not “sufficient or relevant 
enough to evaluate water quality in an integral manner.”2 While these measures are markers for the 
organic content and the oxygen need within the water, all waterborne and water related diseases 
originate from pathogenic origin and these measures do not include the presence of pathogens. 
Typically, nutrients like nitrogen and phosphorus, and fecal coliform markers are measured as indicators 
of wastewater quality globally, with fecal coliform markers capturing the presence of pathogens. 
Additionally, as set forth in Mexico’s National Water Program 2007-2012, there was a target to reach 
60% treatment for wastewater that was collected by sewers.9 As of 2014, CONAGUA reported that only 
53% of the water collected in sewer systems was being treated by the municipal WWTP.7 
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Despite the existence of many regulations and commissions tasked with monitoring water 
quality, most fall short. Lake Chapala is polluted from wastewater directly discharged into it from 
neighboring villages not connected to sewerage, or from the 60% of wastewater collected by sewerage 
networks that is not treated by municipal WWTPs. While the lack of any wastewater treatment 
infrastructure must be addressed, pollution is also due to the poor quality of treated wastewater from 
existing WWTPs failing to perform adequate treatment, leading to the discharge of high bacterial loads 
into the lake. Therefore, the degradation of Lake Chapala is from both treated and untreated 
wastewater, which brings the efficacy of wastewater treatment surrounding the basin into question. 
The majority of WWTPs located along the Lerma River and Lake Chapala use flocculation and 
sedimentation as their only forms of treatment. Conventional WWTPs in the resource-rich world often 
provide a combination of three phases of treatment. Typical removal efficiencies of each phase are 
provided in  . Primary treatment uses basic physical processes to decrease the BOD and TSS in the 
wastewater. Secondary treatment utilizes biological processes where microbes digest the dissolved 
organic matter remaining after primary treatment and additionally allows for further settling to remove 
suspended solids. Tertiary treatment is the most sophisticated and aims to either remove more BOD or 
rid the water of certain contaminants like nutrients (nitrogen and phosphorus). The World Health 
Organization (WHO) classifies disinfection of wastewater as a tertiary treatment, even though 
disinfection provides for a large reduction in pathogen removal.  In Latin America (and specifically in 
Mexico), there is little if any secondary biological treatment or tertiary disinfection process. This is a 
problem because the effluent of these inefficient WWTPs is discharged directly into rivers and lakes like 
the Lerma River and Lake Chapala.  
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 Table 2 Removal efficiencies of conventional WWTP phases 10 
 
To define the problem more clearly in Jalisco, Lake Chapala is an already polluted lake that 
continues to receive poorly or non-treated wastewater. This poses a public health hazard because 
untreated or inadequately treated wastewater carries fecal pathogens which cause infectious diseases 
that “are a principle cause of human morbidity worldwide,” as mentioned previously.11 Surrounding 
municipalities in the MZG transfer water from Lake Chapala to drinking water treatment plants (DWTPs) 
which are then tasked with removal of the pathogens still present in the water. In addition, there exists 
a tradeoff between providing better wastewater treatment to allow for less efficient DTWPs and letting 
WWTPs operate inefficiently while ramping up the quality of treatment on the drinking water side.  
Although drinking water treatment is outside the scope of this study, it is mentioned here to give 
credence to the public health issue at hand. Additionally, Lake Chapala is used recreationally for 
swimming, bathing and fishing, which introduces other routes of transmission of pathogens in untreated 
water, apart from simply drinking unclean water. The pollution of Lake Chapala and the Santiago River 
by way of Lerma River has escalated so much that the government of Mexico, through the 
recommendation of the Federal Attorney for Environmental Protection (PROFEPA), issued a challenge in 
November of 2017 to 9 states, including 155 municipalities along these rivers’ courses, to explain the 
pollution in the rivers. Jalisco and the other states mentioned must “detect wastewater dischargers 
from drainage, sewerage, or industrial systems” and update the national registry to “verify if they are 
treated” or if the WWTPs are well maintained.12  
The problem then, that this report sets out to solve, is how the efficiency of existing wastewater 
treatment can be improved by using an ecological add-on system so as to attempt to meet allowable 
Treatment Phase Contaminant removal  
Primary 40-50 % TSS/BOD 
Secondary 85-95 % TSS/BOD 
Tertiary Up to 99.999% of pathogens and solids, > 75% removal of P 
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wastewater discharge goals set forth by CONAGUA. It is hoped that this small-scale case study can serve 
as a model for addressing the wider issues discussed in this chapter. 
B. The Need for a Sustainable Solution 
The problem of failing WWTPs leading to contaminated natural bodies of water is not isolated to 
Mexico. As of 2015, over five billion people across the world lacked access to safely managed 
sanitation.13 UNICEF and the WHO’s Joint Monitoring Programme (JMP) classifies households as having 
safely managed sanitation if, with their sewerage connection, the wastewater flushed from their toilets 
reaches a treatment plant and undergoes a minimum of primary and secondary treatment. From the 
2017 JMP update, it is estimated that two out of five people globally have a sewer collection and almost 
three quarters of wastewater carried in sewers reaches a treatment plant and achieves secondary 
wastewater treatment, which shows a vast improvement from previous reports.13 However, there are 
more than 750 million people who contribute to sewer connections whose wastewater does not receive 
this minimum level of treatment that would qualify as safely managed sanitation.13 Jalisco, Mexico is a 
case in point.  
The small fraction of wastewater reaching treatment plants and poor quality of effluent WWTPs 
is most common in developing and resource poor countries such as Mexico. Various causes include but 
not limited to the “poor operational state of wastewater infrastructure, design weaknesses, lack of 
expertise, corruption, insufficient funds allocated for wastewater treatment, overloaded capacities of 
existing facilities, and insufficient monitoring for compliance.”14 This list of reasons for failing 
wastewater treatment facilities can be correlated to lack of availability of water, money, skilled and 
dedicated personnel, and asset management. With increasing poverty and population in urban centers, 
in tandem with hydrological variability and climate change, reliable and sustainable wastewater 
treatment systems are needed for developing countries.15 
18 
 
Conventional treatment of municipal wastewater improves water quality by processes that are 
both energy intensive and elaborate in construction and upkeep, driving capital and operation and 
maintenance (O&M) costs very high. Given the inability of the Mexican government to commit funds to 
upgrade WWTPs to western or U.S. standards in combination with preferring to invest money in drinking 
water infrastructure, this report proposes the use of a low cost add-on technology that could treat the 
effluent of an existing WWTP along Lake Chapala’s shores and deliver secondary wastewater treatment 
before discharging into the lake. This report aims to explore the use of sustainable ecological technology 
to do this, with the goal of discovering how significantly quality of water discharged into Lake Chapala 
can be augmented, in order to decrease risk of human exposure to pathogenic content from the lake. 
C. Site Specific WWTP in Jocotepec, Jalisco 
 This case study narrows down the scope of this water crisis to one failing WWTP in Mexico. 
Located in the state of 
Jalisco and situated 
within the municipality 
of Jocotepec is a 
wastewater treatment 
plant named San Pedro 
Tesistán. It is located on 
the western banks of 
Lake Chapala, as shown in Figure 2. It was constructed in 2003 and classified as an activated sludge 
extended aeration WWTP that treats the municipal wastewater coming from Jocotepec. Although 
“extended aeration” suggests the plant was designed for more than just primary treatment, the effluent 
from the plant has high organic and biological content which shows failing operation or design.  The 
State Commission of Water of Jalisco (CEA Jalisco) reports that the treatment plant generates 7,776 tons 
Figure 2 Aerial view of Lake Chapala and location of WWTP in Jocotepec 
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of sludge per month which is then used for the improvement of crop soils in the surrounding areas. The 
plant effluent, whose flow rate is around 3 liters per second, is discharged directly into Lake Chapala, 
which is classified as a type C receiving body.  shows the classifications of surface water bodies as 
regulated by NOM-001. These classifications dictate the quality of discharges allowed and signify that 
the reservoir is slated for urban public use. 
Table 3 Water uses by receiving body type8 
Body of Water Receiving Body Type Allowable Uses 
River A Agricultural irrigation 
River B Urban public use 
River C Aquatic life protection 
Natural/ Artificial Reservoir B Agricultural irrigation 
Natural/Artificial Reservoir C Urban public use 
Coastal Water A Fisheries, navigation, and other uses 
Coastal Water B Recreation 
  
 The regulation speaks only to sampling frequency and not to sampling location, replicate 
procedures for daily values, or daily values per monthly value. The sampling frequency is discussed in 
Chapter 4 as part of the cost analysis of implementing this project.   shows the maximum allowable 
limits for basic pollutants as defined in NOM-001 for the receiving body “Natural Reservoir Type C”, with 
the additional constraint that fecal coliforms are used as the pathogen indicator.16 This limit is 2,000 
most probable number (MPN) of fecal coliforms per 100 mL on a daily average and 1,000 MPN fecal 
coliforms per 100 ml on a monthly average, and this limit pertains to effluent wastewater discharges 
into Type C receiving bodies.16 
Table 4 Maximum permissible limits for basic pollutants by receiving body Type C8 
Parameter Daily Average Monthly Average 
Settleable solids (mg/L) 2 1 
Total Suspended Solids (mg/L) 60 40 
BOD5 (mg/L) 60 30 
Total Nitrogen (mg/L) 25 15 
Total Phosphorus (mg/L) 10 5 
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 In the International Water Resources Association’s (IWRA) most recent determination of the 
water quality index (WQI) of Lake Chapala, a measure that determines the possible impacts and 
implications to public health, multiple sites around the lake were sampled and evaluated.  One of the 
sampling locations was close to the discharge of the San Pedro Tesistán WWTP. The WQI indicated an 
average score of 55 points out of a total 100, which represents an overall medium water quality of the 
lake.17 The recommendation from the IWRA was “an effective purification process prior to the 
distribution and consumption of the water” in addition to the necessity of “avoiding discharges of 
municipal wastewater.”17 The IWRA found that among the tested Lake Chapala sites with highest levels 
of fecal coliforms were those sampled in Jocotepec and San Pedro Tesistán, with 540 MPN of fecal 
coliforms which “indicates the existence of untreated wastewater discharges from municipalities or the 
low efficiencies of [existing] wastewater treatment plants.”17 While these levels are within the allowable 
limits shown in Table 5, this 2017 IWRA finding further defined the problem of the inefficiency of 
existing WWTPs in Jalisco and pointed toward the necessity of an add-on treatment to improve WWTP 
effluent quality before discharging into the important natural body of water, Lake Chapala. While higher 
quality effluent from WWTPs was a quantifiable benefit recommended by the IWRA, the overarching 
goal was to contribute to the “preventative point of [reducing] the potential risk to public health [of 
contacting or consuming municipal wastewater].” 17 The IWRA recommended that their study contribute 
to a preventative plan to reduce the public health risk associated with municipal wastewater that is not 
strictly regulated enough. 
D. Water Quality from San Pedro Tesistán 
 The San Pedro Tesistán WWTP produces effluent with water quality comparable to that of 
primary treated sewage. As far as this report is concerned, the add-on CW system will receive influent 
that is the same quality as the effluent of the treatment plant. These values are given in Table 5, 
constructed from data provided by the government of the state of Jalisco for the San Pedro Tesistán 
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WWTP in Jocotepec from 2008 to 2010. The maximum contaminant levels from this three-year period 
were chosen to represent the data, the entirety of which can be found in the Appendix. The desired CW 
effluent quality parameters were determined by considering those set forth in NOM-001, as referenced 
above, in addition to EPA regulations for COD since Mexico does not regulate this for receiving water 
bodies.8 These concentrations are monthly averages as in accordance with the regulations, where the 
fecal coliform measurement, CFU, stands for coliform forming units. 
Table 5 Contaminant concentrations from the San Pedro Tesistán WWTP from 2008-20108 
Contaminants WWTP Effluent/ CW Influent 
Quality 
Desired CW Effluent/NOM-001 
Regulation Quality 
BOD 95 mg/L 30 mg/L 
TSS 207 mg/L 40 mg/L 
COD 464 mg/L 120 mg/L 
Total Phosphorus (TP) 27mg/L 5 mg/L 
Total Nitrogen (TN) 61 mg/L 15 mg/L 
Fecal Coliforms 6.1x105 CFU/ 100 mL 1000 CFU/100 mL 
  
 This data illustrates an existing WWTP failing to thrive, five years after its construction. Whether 
it ever operated correctly is outside of the scope of this study. However, seeing the discrepancy 
between where the water quality is and where it is desired to be, begs the question of how the 
efficiency of the wastewater treatment in Jocotepec can be improved. In a manner similar to the project 
happening in La Paz, where for 0.03% of the cost, a constructed wetland could potentially process the 
same amount of waste, this case study will determine if a constructed wetland system can meet the 
desired effluent quality levels, as set by NOM-001 and seen in Table 5. 
II. Use of Ecological Treatment Systems for Water Treatment 
A. Ecological Treatment Systems as Sustainable Options 
 The demonstrated need for low-cost, simple wastewater treatment globally and in Mexico can 
be met particularly well by ecological treatment systems known for their lower capital costs and 
sustainable ongoing O&M through lower technical demands upon operation personnel. Operational 
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costs can only remain low if there is low energy and material demand. In addition, any sustainable 
wastewater treatment technology must be able to provide an effluent of required quality, while 
minimizing sludge production.18  These sustainability goals can be met in some circumstances with 
constructed wetlands,  one of the most widely used ecological treatment systems due to proven 
contaminant removal.19 While these systems in most cases require a greater land area than 
conventional WWTPs, they often have the advantage of low operation and maintenance costs, coupled 
with simple design and ease of operation.20 These systems utilize microbial activity, sorption, and plant 
uptake of organic material and nutrients to drive wastewater treatment as described in detail below. To 
provide a scale of cost estimate between building a new conventional WWTP in Mexico and 
implementing this add-on technology, Mexican wastewater infrastructure project proposals in 2014 
ranged from $30 million to $1.1 billion, as the government sought to improve existing WWTPs and 
increase municipal wastewater treatment coverage from 47.5 percent to 63 percent by 2018.21 In 
comparison, constructed wetland projects are on the order of thousands of dollars and not millions. 
While the scale of these projects differs, these numbers serve to situate constructed wetlands as low-
cost in comparison to conventional wastewater infrastructure. Discussion surrounding these costs more 
specifically is covered in Chapter 4. 
 While the previous example illustrated on a broad level that the cost of add-on technology is 
logically less than constructing new infrastructure from the ground up, there are a few municipal 
infrastructure projects ongoing in Mexico that illustrate just how drastic the savings are. In the Mexican 
state of Baja California Sur for example, a WWTP is being constructed in the town of La Paz that will use 
activated sludge technology, which is what the San Pedro Tesistán WWTP has for primary treatment. 
This new WWTP in La Paz is “intended to replace an existing treatment plant in the city that has reached 
the end of its useful life and no longer can treat wastewater to meet federal standards.”21 This project 
has a budget of $30 million USD, to treat a capacity of 1050 liters of wastewater per second. While the 
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La Paz design flow is 350 times the flow required at San Pedro Tesistán, the cost is 3375 times the cost 
of the project in Jocotepec, to meet the same federal standards set forth in NOM-001. While this 
comparison is not an in-depth economical comparison, it serves to illustrate the financial favorability of 
implementing a constructed wetland system to achieve secondary treatment from existing wastewater 
infrastructure in lieu of scrapping the WWTP and building a whole new one. 
B. Introduction to and Operation of Constructed Wetlands 
A constructed wetland (CW) is an engineered system that utilizes naturally occurring processes 
from vegetation, soil, and associated microbes to improve water quality. A CW comprises (1) an 
impermeable layer, (such as that of a clay lined basin), (2) a gravel (or other media) layer that acts as a 
substrate for the root zone of the vegetation, and (3) an area above the surface of the water for 
vegetation to grow. These components are identified in a typical CW schematic, shown in Figure 322. 
 
Figure 3 Typical schematic of constructed wetlands22 
The CW provides an environment that “filters some contaminants and degrades others” similar 
to that of a naturally occurring wetland ecosystem.22 Bacterial conversion (i.e. the chemical 
transformation of contaminants by bacteria into less harmful forms), either with or without oxygen, is 
arguably the “most important process in the transformation of contaminants discharged to CWs.”23 They 
are often designed to receive discharge from primary treatment operations such as septic tanks to avoid 
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solid buildup in the gravel substrate that would clog the flow of wastewater. However, of the solids that 
do flow into the CW, some have organic content which settles and decomposes bacterially. Suspended 
solids settle to the bottom of the CW bed and some systems actually provide enough turbulence such 
that “the suspended solids [are distributed] over the entire water depth.”23 This discussion surrounding 
TSS is notable because one principle of wastewater is that its toxicity is generally related to the quantity 
of suspended solids it contains. A large fraction of the TSS  in wastewater consists of undissolved fecal 
matter, in which fecal pathogens are likely to be present.24 For this reason, to achieve the goal of 
improved water quality, ridding the wastewater of as much TSS as possible is important, as pathogens 
adhere to suspended solids.   
Natural decay of bacteria can be modelled by first-order kinetics, which are often applied in 
constructed wetland design. In essence, all CWs are “attached growth biological reactors” and  are 
commonly described by assumptions of both first-order kinetics and plug flow, under steady-state 
conditions.25 First-order reactions imply that the rate of completion, or contaminant removal, is directly 
proportional to the concentration of reactant, or in this case, pollutant. These kinetics explain the 
degradation of organic content and model the reduction in BOD and COD throughout the length of the 
CW beds.25 Adsorption also generally follows first-order kinetics and when the suspended solids deposit 
onto substrates such as the gravel media or roots of the vegetation, suspended contaminants can be 
eliminated from the water flow that natural decay or sedimentation alone could not achieve. 
Additionally, CWs are home to many chemical reactions, triggered by the absence or presence of 
chemicals, oxygen, and photolysis from sunlight. All of these factors working together and influenced by 
the design factors of the CW, can lead to improved water quality at the point of discharge from the CW. 
C. Types of Constructed Wetlands 
Constructed wetlands can be classified by the type of vegetation or macrophyte that dominates 
the system or by the type of flow regime utilized.  A macrophyte is an aquatic plant that grows in water 
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and is typically found in naturally occurring marsh lands or wetlands. There are four main categories of 
macrophyte based systems—free floating, emergent, submerged, and multistage.26 The categories serve 
to describe the relationship between the vegetation and the water surface. Within each CW macrophyte 
ecosystem, there exists a diversity of plants in both form and habit. The macrophyte system used in CW 
should be chosen with the construction mode in mind because research has shown that “the quality of 
the final effluent from the systems improves with the complexity of the” system.26  The design portion of 
this report will be guided by literature that has shown effective pairings of construction and macrophyte 
systems. 
There are two categories of flow regimes, namely surface flow and subsurface flow wetlands. 
Surface flow, or free water surface (FWS) wetlands, primarily have flow above ground with vegetation 
rooted in the ground and growing above the water surface as shown in Figure 4. The sludge settles 
under the water and on top of the 
media. FWS systems are made of a 
shallow basin, ranging in depth 
from 0.1 m to 0.45 m, wherein the 
near-surface layer is aerobic while 
the deeper waters and substrate have an 
anaerobic environment.  
 Subsurface flow constructed wetlands (SSF-CWs) have wastewater flow below ground through 
a sand or gravel bed, with vegetation roots reaching into the depth of the bed, which ranges from 0.3 m 
to 0.9 m. SSF-CWs have a sealed basin that contains a porous substrate such as gravel. What makes CWs 
ideal candidates for resource-poor countries such as Mexico, as will be discussed in Chapter 3, is that 
this substrate can be locally sourced from the community in which it is built. The substrate chosen, 
whether as traditional as gravel or nonconventional as old tires, affects the hydraulic properties of the 
         Figure 4 Surface flow wetlands schematic34 
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wetland, as the porosity and permeability could put constraints on particle size the CW is able to handle 
without becoming clogged. Because the treatment zone is underground, there is a lack of oxygen during 
wastewater processing. The submerged plant roots transmit some oxygen to their aerobic microsites on 
their root surfaces, but apart from these sites, the contaminants are removed under aerobic or anoxic 
conditions. SSF-CWs are generally better suited for wastewaters containing low solids concentrations.  
This is because too many solids would block the flow within the soil. Uniform flow is assumed in terms of 
steady-state hydraulics. The plug flow assumptions commonly employed in SSF-CW design also implicitly 
assume the flow is steady-state in both discharge and influent water quality. 
Within 
subsurface flow, 
there are horizontal 
and vertical 
models, as depicted 
in Figure 5 and 
Figure 6. Horizontal 
subsurface flow constructed 
wetlands (HSSF-CW) are designed such that the horizontal wastewater flow is entirely through the 
rooted soil of the macrophytes while vertical subsurface flow constructed wetlands (VSSF-CW) are 
constructed such that the water is able to move uniformly vertically through the substrate, whether 
from above or below, enabled via a distribution network and dosing pump.22  
Additionally, hybrid CWs can take a multi-stage approach for treatment.   For each different 
separation step in a hybrid system, a CW is specifically designed to tackle one treatment issue like 
denitrification of wastewater or adsorption of organic material. The effluent from CWs as secondary 
Figure 5  Horizontal sub-surface flow constructed wetland schematic35 
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treatment systems is “comparable for all types of constructed wetlands” and “removal of suspended 
solids is very high in all types.”27 
 
D. Advantages and Disadvantages of CWs as compared to Conventional 
WWTPs 
In comparison to conventional wastewater treatment systems, constructed wetlands have 
several advantages. CWs have low construction costs, O&M costs, and energy requirements. Because 
the work of CWs is through natural processes as facilitated by appropriate design, they require low 
technological prowess which means that relatively unskilled personnel can operate and maintain them. 
CWs are also advantageous because they have an ability to deal with fluctuations in flow upstream that 
a conventional treatment system would be more sensitive to. This means that, even though uniform 
flow is assumed, wherein the wastewater is modelled as one unit of water moving down the length of 
the bed, if the flow rate to the CW were to be increased or decreased suddenly, the system has enough 
retention time to handle the fluctuation. Additionally, when CWs are used in tropical regions, as is the 
case with much of Mexico, there are a “vast diversity of aquatic plant species that grow in wetland 
zones” available which means the vegetation utilized by the CW can be locally sourced and indigenous 
to the area of implementation.2 For a SSF-CW to operate efficiently, it must receive wastewater that has 
been treated with primary treatment, and as such, they are often found in combination with septic 
Figure 6  Vertical sub-surface flow constructed wetland schematic34 
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tanks. Thus, CWs also require minimum sludge management which further reduces O&M costs. Typical 
values for contaminant removal in septic tank effluent are shown in Table 6.28 
Table 6 Typical contaminant concentrations following primary treatment28 
Contaminant Concentration in Effluent after Primary 
Treatment 
BOD 129-147 mg/L 
COD 310-344 mg/L 
TSS 44-54 mg/L 
Total Nitrogen (TN) 41-49 mg/L 
Total Phosphorus (TP) 12-14 mg/L 
Fecal Coliform 105.4-106.0 CFU/100 mL 
  In a cost comparison in 2000, the EPA found that for the same location, flow and effluent water 
quality requirements, a SSF-CW cost $0.73 per 1000 gallons of water treated while the energy-intensive 
equivalent in the form of a sequencing batch reactor cost $3.06 per 1000 gallons of water treated.29 This 
large difference in cost is due to both savings in capital costs and O&M. More detailed discussion 
surrounding these costs is covered in Chapter 4. 
 The largest disadvantage of a CW is the high land area required for a relatively low capacity of 
flow. High land area can result from either processing a large flow of influent or from “high influent 
contaminant concentrations with low permissible effluent concentrations” that require long retention 
times.22 In dense urban areas, there is not usually adequate space to site a CW to manage the flow rate 
being discharged into the CW, but VSSF-CWs have been shown to alleviate the high land area 
requirement.30 Moreover, CWs have decreased performance with seasonal variation if not located in at 
least a temperate climate. Also if a CW utilizes reeds, the vegetation must be cut regularly or 
performance will be affected.31 
E. Choosing Appropriate Treatment Technology 
 In light of the existing conditions described above at the San Pedro Tesistán WWTP, this project 
posits that the incorporation of a CW system as add-on technology could provide an amount of  
treatment equivalent to that of secondary wastewater treatment to meet Mexican water regulations. 
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Secondary wastewater treatment is not, in and of itself, a noteworthy goal. However, this case study 
seeks to determine if, for the San Pedro Tesistán site, a CW could provide an improvement in water 
quality as research suggests, that would help alleviate the public health risk of exposure to untreated 
wastewater. A CW system lends itself easily to being an additional technology because they are often 
already designed to receive flow from a prior sedimentation process. Because of their high pollutant 
removal efficiency, simple O&M, low cost, “good potential for water and nutrient reuse, tolerance to 
high variability, and function as significant wildlife habitat,” constructed wetlands have been recognized 
in tropical developing countries, such as Mexico, as a “sustainable wastewater management option.”32 
As of 2008, CWs as the only method of treatment of wastewater accounted for less than 1% of 
municipal wastewater treatment in Mexico.20 However, CONAGUA reported that as of 2013, there were 
69 CWs in Mexico, along with 101 CWs that were combined with other methods of treatment, as this 
study is proposing.2 The growth in use of these systems is promising, but the overall lack of use is 
indicative of some significant barrier to implementation. There is very little technical information about 
CW design and management available in Spanish whereas other ecological treatment systems such as 
wastewater stabilization ponds are more widely discussed in a variety of languages in literature.2 While 
textbooks are not plentiful on the subject in Mexico,  recently conference proceedings were published 
by the Mexican Institute of Water Technology in 2014 on “humedales para aguas residuals” or 
“wetlands for wastewater.”33 
 How then, does a designer choose one type of constructed wetland over another? The first 
choice is the location of flow-- free surface flow or subsurface flow.  SSF-CWs have several advantages 
over the FWS type. With FWS-CWs, the wastewater is exposed to the atmosphere, allowing for odors, 
human exposure and insect vector attraction. Because SSF-CWs maintain wastewater flow below the 
surface of the media, all three of these risks are mitigated. FWS-CWs, similar to wastewater stabilization 
ponds, are often thought to be an appropriate choice for tropical climates because those climates 
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provide ample resources for high microbial growth which is ideal for water treatment in relatively still 
waters. Unfortunately, mosquitoes also thrive in those same warm and humid conditions. Introducing a 
large basin of standing water, rich with nutrients conducive to larvae growth, could turn into a 
mosquito-breeding hot spot. In Nigeria, communities living near such an area were found to be 
impacted more by mosquitoes and mosquito-borne disease than people from communities located 
more than 300 m away.34 This is troubling because a solution to eliminating one public health concern 
should not create another. For the location in Jocotepec, it could be argued that a FWS-CW would 
simply be mimicking the conditions of the natural wetlands at the shore of Lake Chapala, which most 
likely already attract mosquitoes. However, the WWTP is nestled in a rural community, 500 m from the 
lake and it is not recommended to introduce the residents to more chance of odor and mosquito 
exposure than already part of their daily lives. Additionally, the media in SSF-CWs provides more surface 
area for treatment than does the FWS type. This means that the resultant area of CW needed for 
effective treatment to the same effluent standard is smaller for the SSF variety than for the FWS. This is 
highly advantageous because one of the largest contributors to the cost of a CW system is the cost of 
the high land requirements. For these reasons, only SSF-CW systems will be considered in the remainder 
of this report. 
 Necessarily, the question then becomes, which flow regime of a SSF-CW system is appropriate 
for the WWTP in Jocotepec? Shown below in Table 7 are the tabulated results from a 2009 study by 
Florentina Zurita and colleagues of the University of Guadalajara, demonstrating the differences in 
contaminant removal performance between the two SSF-CW systems in terms of source and finished 
water quality.35 This study showed that, as expected, the pollutant removal rate in SSF-CW systems 
marginally depends on the type of flow, with the differences observed not being very remarkable. The 
VSSF-CW outperformed the HSSF-CW in terms of removal efficiencies, for all pollutants except TSS, 
nitrates, and TN. For both systems, removal efficiencies fell within the range of results found in 
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literature for similar systems and can be considered moderately high.35 These tabulated effects of 
previous system designs are an important tool in the design of future CW systems, but cannot be 
broadly generalized due to the high variability within ecological treatment systems. However, this 
specific study was located in the same region of Mexico and utilized the plants and media selections that 
the design of SSF-CW in Jocotepec will also utilize.  
Table 7 Performance comparison of contaminant removal in HSSF-CW and VSSF-CW systems35 
Contaminant HSSF-CW VSSF-CW 
Average Removal Efficiency % 
 (mean ± 95% Confidence Interval) 
BOD 79.7 ± 2.8 83.3 ± 2.8 
COD 77.1 ± 2.5 83.3 ± 2.5 
TSS 84.7 ± 6.2 69.8 ± 6.2 
TN 53.7 ± 6.1 50.5 ± 6.1 
TP 44.7 ± 3.3 50.6 ± 3.3 
Total Coliforms 93.1 ± 1.6 97.0 ± 1.6 
 
 Advantages of a VSSF-CW system are a demonstrated high reduction of BOD, TSS, and pathogen 
indicators, ability for nitrification and better nitrogen removal from increased oxygen transfer, less 
clogging than HSSF-CW and, in some cases, even less space requirements than for HSSF-CW.36 The 
results in Table 7, show HSSF-CWs outperforming VSSF-CWs with regard to TN removal, which is not a 
trend seen elsewhere in literature. Additionally, even within this study, the difference between the 
removals was not statistically significant. The reason behind marginally better TN removal in the VSSF 
option lies within the dosing mechanism, wherein oxygen is introduced into the system across the bed 
instead of only at the inlet. This addition of oxygen allows for the processes of denitrification to remove 
nitrates, which contributes to an overall lower value for total nitrogen. While VSSF-CWs have shown to 
regularly outperform HSSF-CWs for most parameters, as seen in Table 7, most of their disadvantages are 
concentrated in the implementation phase. VSSF-CWs require expert design and construction, 
specifically with regards to the dosing and distribution systems. The design process is much more 
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complex than that of the HSSF-CW, as there are two collection points that have to be designed—the 
underdrain that catches the treated water in each dosing area, and the final collection point for the bed.  
With more collection points comes the possibility of more blockages or severe clogging. VSSF-CWs also 
require more frequent maintenance and maintenance at a higher technical level than that of the HSSF-
CW, due to pump repairs, grid realignment, and underdrain inspection. Additionally, due to the more 
complicated technical design, the VSSF-CW systems cannot rely on gravity to power their flow and so, 
therefore, require a constant source of power and some parts and materials that may not be locally 
available in a developing country context.36 Power is needed in VSSF-CWs to keep pumps running that 
will deliver doses of wastewater to the surface of the bed, in a grid system. Because the piping is 
necessarily above ground to induce vertical flow, maintenance of VSSF-CWs requires more precision as 
operators would have to disassemble large piping networks if planting in a region failed and rhizomes 
needed to be reinserted into the gravel. In comparison, HSSF-CWs are also advantageous in 
demonstrating high reduction of BOD and pathogens, and even more efficient TSS removal than VSSF-
CWs. These systems require no electrical energy which makes their capital and operating costs 
considerably less. Additionally, these systems have no moving parts or dosing systems that are likely to 
break and instead require simple maintenance requiring low technical prowess, such as pulling out 
weeds and unclogging the above ground inlet manifold. However, they are known to take up more land 
area and provide less nutrient removal than the VSSF-CW option, and present the risk of clogging 
depending on the level of pretreatment available.37 
 With these differences distinguished, this report posits that the HSSF-CW design could be an 
appropriate choice for the San Pedro Tesistán WWTP for the following reasons. Although one of the 
largest disadvantages of HSSF-CWs is the need for large land areas (with the unspoken associated 
disadvantage that land costs money), the existing WWTP has land set aside for expansion, and thus no 
cost for land use will be incurred in this project. Additionally, this project would ideally get funded by the 
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government of Mexico. Because monitoring of nutrients is not a priority of the current administration, a 
proposal that touted the enhanced nutrient removal of a VSSF-CW system would fall on deaf ears. It 
would be much more culturally appropriate to submit a low-cost option that does a good job at 
removing pathogens, TSS, and BOD, monitoring of which CONAGUA requires, and whose removal the 
HSSF-CW system can accomplish. It is recognized that doing a good job is subjective, but for the 
purposes of this case study, research has suggested that HSSF-CWs could perform in such a way that 
they could plausibly meet the effluent standards in Mexico. Finally, the design and operation of a VSSF-
CW system requires more than can be asked of the site or site personnel at the San Pedro Tesistán 
WWTP. To make this case study as feasible as possible, a cultural liaison was identified and brought onto 
the project from the University of Guadalajara. This liaison mentioned that a VSSF-CW would likely fall 
into disrepair shortly after construction because the personnel running the current WWTP likely do not 
have a college education, and know how to do their maintenance jobs well but know little to nothing 
about actual wastewater treatment.38 Adding the responsibility of managing a pumping system that 
must dose a certain amount of wastewater at a certain flow rate at a certain time adds a level of 
complexity that is unrealistic at this site. For these reasons, an increase in percent removal of BOD, TP, 
and coliforms cannot be justified in implementation of a VSSF-CW and the remainder of this report will 
focus on the design and implementation of an HSSF-CW system. 
F. Goal of Add-on Secondary Wastewater Treatment  
 Having identified the environmental problem and discussed rationale for the solution of add-on 
wastewater treatment, goals for implementation must be established and these can be described on 
three levels. On the level of the HSSF-CW itself, the goal is to achieve a certain amount of improved 
water quality in the effluent, as guided by CONAGUA regulations and global water quality guidelines as 
shown in . The ability to reach this goal is dependent most directly on the design elements of type of CW 
and choices of substrate and vegetation. On the level of the San Pedro Tesistán WWTP, the goal of CW 
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implementation is to decrease pollution overall via wastewater discharge to Lake Chapala from this 
existing plant. On the level of the lake, the goal is to show that if one CW can reduce the pollutant load 
into the lake by a sizeable amount, extrapolating the design to all WWTPs discharging into Lake Chapala 
directly would bring a major improvement to water quality. The goal on this level is additionally to 
reduce the risk of public exposure to wastewater contaminants via exposure to the lake. The largest and 
loftiest goal is on the regional level with the motivation that, if CWs are shown to be a prudent decision 
for Lake Chapala, the other WWTPs that continue to discharge raw or primary treated sewage along the 
Lerma River which subsequently flows into the lake, could consider utilizing CWs as add-on technology 
at their locations and thus provide overall higher water quality passing through to the Santiago River. 
These latter goals are outside the scope of this project but places the work in its broader context. 
 In Chapter 3, the elements of HSSF-CW briefly discussed in this portion of the report will be 
explored to offer the most appropriate design of a HSSF-CW system for the use at the San Pedro 
Tesistán WWTP, in Jocotepec, Jalisco, Mexico. The design will be structured around meeting the 
technical and social needs of the surrounding community. Chapter 4 will incorporate discussion 
surrounding financial barriers to the design set forth in Chapter 3. If the addition of a CW to this WWTP 
on Lake Chapala is effective in reducing contaminant load, the future quality of the water bodies in the 
Lerma-Chapala river basin could improve. 
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Chapter 3: System Design 
I. Introduction to Design 
 Building on the water quality problem identified in Chapter 2, this chapter aims to design a 
constructed wetland system as an add-on secondary treatment system for wastewater discharged from 
the existing WWTP in Jocotepec, Jalisco, Mexico. The San Pedro Tesistán WWTP was identified as 
contributing to the pollution of Lake Chapala, a main source of drinking water for the MZG. An ecological 
treatment system in the form of a horizontal subsurface flow constructed wetland (HSSF-CW) was 
chosen for its appropriate features such as ability to process the effluent from a small municipal WWTP, 
treatment efficiency to meet Mexican surface water quality standards, and ease of operation and 
maintenance with regard to operator skill and ongoing cost. Specifically, this report is focused on the 
design of an HSSF-CW over a VSSF-CW or hybrid system because it was found more fitting for the 
location. The main reason for this is because utilizing a VSSF-CW adds a level of mechanical complexity 
to the design and operation that does not outweigh the benefits in efficiency. Physical additions such as 
pumps and dosing mechanisms provide ample opportunities for the system to mechanically break. Any 
opportunities for mechanical malfunction are to be avoided due to the history of the San Pedro Tesistán 
WWTP, where such failures shut down its operation for a length of time in the past. The source of these 
failures has not been documented on the WWTP database that CONAGUA maintains but it is reported 
by the operator of the plant to be for simple mechanical fixes on motors due to their poor 
maintenance.38 Because this is a government operated plant located in a small rural area, its 
maintenance is not always a governmental priority, with regards to timing or budgeting considerations. 
This can be illustrated by the broken motor of a pump at the WWTP. The operator reported that 
CONAGUA took the motor off of the property to fix and never brought it back.38 For this reason, a HSSF-
CW design is being considered, powered by gravity flow instead of pumps and holding chambers. HSSF-
CWs are not without operational problems, but a gravity fed system without moving parts is more in line 
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with the existing skills of WWTP operators in Jocotepec. In 2006, Jan Vymazal, a leading name in the 
field of CWs, conducted a global survey to assess what a worldwide average for removal efficiencies of 
HSSF-CWs used to treat municipal wastewater would look like. The results are shown in Table 8.39 The 
averages Vymazal arrived at were weighted by number of mean averages that contributed to each 
system and the number of systems that were analyzed in total. While an average removal efficiency 
value without a range or 95% confidence interval cannot be used for any serious design work, it can 
illustrate what typical values have been in past studies. 
Table 8 Average HSSF-CW contaminant removal efficiencies39 
Contaminant Concentration 
In (mg/L) 
Concentration 
Out (mg/L) 
Efficiency (%) Number of systems 
analyzed 
Pollutant 
Loading rate 
(kg /ha*d) 
BOD 178 32 80.7 261  97 
TSS 113 22.3 68.1 319 111 
COD 287 76 63.2 244 237 
TN 53.0 29.8 39.4 182 25.9 
TP 8.7 4.4 40.9 247 6.8 
 
This case study will explore if removing the same contaminants of concern at these removal efficiencies 
at the San Pedro Tesistán WWTP could guarantee that the effluent met the Mexican water quality 
standards adequately with the level of simplicity of operation and maintenance desired of this system’s 
design.  
II.  Constructed Wetlands Treatment Processes 
 How, then, does a HSSF-CW system get near the efficiencies shown in Table 8? Within the 
seemingly simple ecological treatment such as constructed wetlands, there are many processes that 
have been studied and determined to effectively treat wastewater. The following section aims to outline 
how the contaminants of concern that are prevalent in wastewater are removed during the course of 
wetland treatment, with “concern” being defined as government monitored. These processes are 
described in terms of what occurs within horizontal subsurface constructed wetland beds. 
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A. Total Suspended Solids Removal 
 Total suspended solids (TSS) are primarily removed through the processes of sedimentation and 
filtration, where vegetation blocks the flow and subsequently reduces velocities, allowing for particles to 
settle, be trapped, or intercepted as they pass through the roots of the plants and granular media. 
Sedimentation occurs via gravitational settling and modeling its effectiveness is governed by a key 
comparison between the travel time of a particle going across the CW bed versus the time it takes the 
particle to settle on media or the bottom of the bed. Because HSSW-CWs are not often designed for TSS 
removal, and instead for BOD removal, some parts of the theory of TSS removal and design equations 1 
through 3 have been placed in the Appendix for clarity. 
 Porosity of the bed also plays a role in removal of TSS, where porosity can be defined simply as 
the volume of empty spaces in the media bed.  As the bed porosity increases, the actual liquid flow 
velocity through the bed increases, while also decreasing the distance a particle must fall. This is 
because the particle must only fall the equivalent of the average grain size before being intercepted, 
rather than through the whole depth of the bed. A more porous media will provide more opportunities 
for the suspended solids to be entrapped in the interstices. The average or effective media size, d10, can 
be approximated by the media size at which 90% of the particles are larger.  When porosities are 
unknown, this d10 parameter is used to describe the media’s properties. Because TSS removal is rapid in 
comparison to BOD or nitrogen removal, it is not likely to be the limiting design parameter for wetland 
sizing.40  Additionally, TSS removal via filtration through the granular beds of the SSF-CW takes place 
through three mechanisms—inertial deposition, diffusional deposition, and flow line interception. The 
first mechanism happens when particles are moving so fast that they deposit on bed particles instead of 
moving along with the flow of the water. The second mechanism is made up of random processes at the 
micro and macro scale that move particles to an immersed surface. The third mechanism occurs when 
particles are travelling with the flow of the water and do not directly run into plants or media but 
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instead pass close enough to skim the surface of the plant stems and associated biofilms which in turn 
makes the particle stick. Which mechanism dominates in each SSF-CW system depends on the size of 
the media being used. For fine grains, with diameter less than 0.1 mm, mechanisms 1 and 2 dominate, 
whereas for coarse media, with diameter greater than 4 mm, mechanism 3 dominates41.  
 If the HSSF-CW was to be thought of as a filtration device, similar to a slow sand filter, even 
more information could be understood about its filtration mechanisms.  In conventional practice, the 
critical size for a particle to be suspended in water is 1 μm. For suspended particles larger than this size, 
removal efficiency increases rapidly with particle size, due to sedimentation or interception. For 
particles smaller than this size, removal efficiency increases with decreasing particle size and is 
accomplished by diffusion. Because the data provided from the San Pedro Tesistán WWTP did not 
include a particle size distribution of suspended solids in the wastewater effluent, it is important to 
consider relative sizes of the pollutants that are trying to be removed. Viruses, some bacteria, and a 
large amount of organic matter fall into the category of smaller than 1 μm.42 
 TSS removal in SSF-CWs has also been shown to be correlated to the hydraulic loading rate 
(HLR), where the HLR is the influent flow rate to the CW divided by the surface area of the CW bed. This 
correlation as provided by Crites et al. is given in Equation 4 and can be used to model TSS removal in a 
SSF-CW40. Equation 4 is only applicable for HLR values between 0.4 and 75 cm/day40.  
                                   Ce= Ci[0.1058 + 0.011(HLR)]                                                       (4) 
where 
Ce= effluent TSS, mg/L 
Ci= influent TSS, mg/L 
HLR= hydraulic loading rate, cm/d 
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B. BOD Removal 
 BOD is a measure of how much dissolved oxygen is needed by aerobic organisms to treat the 
organic matter in wastewater and is commonly used to gauge the effectiveness of WWTPs. Because it 
serves as a marker for biodegradable organic matter, the removal processes speak to the removal of this 
same organic material in the form of particles in the wastewater. As such, the physical removal of BOD 
in SSF wetlands occurs quickly due to particles settling or getting trapped by the media of the CW43. The 
media and subsurface plant roots also promote microbial growth which removes soluble BOD. The 
biological removal of BOD occurs as aerobic bacteria break down the organic matter through the use of 
oxygen to produce energy and biomass, and the anaerobic bacteria produce methane. The process of 
microbial growth is enhanced by a ripening period of the system before the greatest removal efficiency 
is achieved. Start-up considerations will be discussed in Chapter 3 as part of the implementation of the 
CW system.  BOD is often thought to be the limiting design factor for wetland design, based on the 
premise that it is difficult to maintain aerobic conditions within the upper portion of the water column.40 
Emergent plants facilitate the transfer of oxygen from the atmosphere via the plant leaf to the plant 
root to maintain these conditions. This enables the root of the plant to serve as a host for microbial 
activity that mostly dominates organic decomposition.40 When designing a CW system for BOD removal, 
the dependence on the surfaces of the plant (stems, stalks, roots and rhizomes) requires a shallow bed 
and relatively low flow rate to enable the optimum contact time between the wastewater and the 
microbial growth.40 
 BOD removal is thought to be governed by first order kinetics. Additionally, in design, a CW is 
often modeled as a plug-flow reactor. While the kinetics do not preclude the use of a completely mixed 
reactor, it is common place to assume first order kinetics and plug flow, which is shown in Equation 5;18  
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                                                  Ce = Ci e–kTθ                                                     (5)     
where  
Ci = influent BOD, mg/L 
Ce = effluent BOD, mg/L 
Θ = mean hydraulic retention time, days 
kT = first order rate constant at temperature T, in 1/days 
 
 The value of the rate constant depends on water temperature, media porosity and the nature of 
the waste itself because bacterial growth occurs on the media surface and the amount of that growth is 
both temperature and porosity dependent. The rate constant, kT is defined in Equation 6 and depends 
on k20 which is the standard rate constant for a temperature of 20ᵒC. The k20 value reported was 
determined experimentally and is widely used in design.40 
                                       kT = k20(1.06)T–20                                              (6) 
where 
k20= 1.104, 1/day 
T = temperature, ᵒC 
 
The hydraulic retention time, or HRT, in SSF-CWs is defined in Equation 7;18 
                                                θ = V/Q = εAsd/Q=  εLWd/Q                                              (7) 
where 
V = volume of bed, m3 
ε = porosity of the bed, dimensionless 
Q = mean flow, m3/day 
As = surface area of CW, m2 
d= depth of CW, m 
L= length of bed, m 
W= width of bed, m 
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Equations 5 to 7 have been widely used in the design of CWs and were originally set forth by Reed in 
1988 and republished as recently as 2006 in collaboration with Crites and Middlebrooks.40 The 
limitations of this rate constant expression are that its dependence on water temperature mean that 
drastic changes in temperature would significant modify design parameters. These equations together 
allow for the calculation of BOD removal across the length of the CW bed. If the influent and effluent 
concentrations of BOD are already known, these equations can be rearranged in a manner such that the 
surface area of the CW can be calculated. For later use, this rearrangement is shown in Equation 8;40 
                        As= [Qi (lnCi- lnCe )]/[kTεd]                                (8) 
where 
 
Qi = mean flow, m3/day 
Ci = influent BOD, mg/L 
Ce = effluent BOD, mg/L 
kT = first order rate constant for BOD removal, in 1/days 
ε = porosity of the bed, dimensionless 
d= depth of CW, m 
 
Additionally, because CWs are natural systems the plants rooted in them decompose along with other 
natural organic matter (NOM) which produces BOD throughout the length of the system. This means 
that the effluent BOD level can never truly be zero and there is a typical residual level of BOD, ranging 
from 2-7 mg/L in the effluent of the CW system.43 This is not a problem because typical levels of BOD in 
influents to CW systems are around 100 mg/L and effluent standards are on the order of 30 mg/L43. It 
may seem that BOD is not an accurate measure by which to size a SSF-CW due to the existence of a 
background concentration within the CW. However, the plug flow model for contaminant removal is 
used on a macroscale level to obtain an idea of how large the SSF-CW must be to achieve desired 
effluent concentrations.  
42 
 
C. Nutrient Removal 
 Constructed wetland technology has developed substantially in terms of nutrient removal. 
However, monitoring for nutrients in Mexico has not. While this incongruence in regulation versus 
technology might suggest skipping a description of nutrient removal, it is important to understand what 
HSSF-CWs can contribute to nutrient removal, even if the system is not designed to maximize this 
removal.  Additionally, nutrient removal will be discussed in terms of total nitrogen (TN) and total 
phosphorus (TP), wherein TN is the sum of ammonia, organic and reduced nitrogen, nitrites and nitrates 
and TP is similarly the sum of all the phosphorus compounds that occur in the system, 
 Nitrogen is removed in SSF CWs via nitrification and denitrification, uptake by plants and by 
sedimentation. Its removal is most influenced by temperature, HRT, the types of vegetation planted, and 
the diffusive transport that occurs from the aerobic water and substrate to the anaerobic layers.44 The 
roots and rhizomes of the plants provide aerobic microsites in an otherwise anaerobic or anoxic 
environment, depending on location within the depth of the bed. These sites allow the wastewater to 
have multiple and repeated exposure to oxygen, which in the case of TN, makes the processes of 
nitrification and denitrification in the same reactor possible.40 Because of the importance of the plant 
roots for these processes, a critical design parameter should be noted: root depth. It is critical to 
performance that the root system reach the entire design depth of the bed. Otherwise, any water that 
flows underneath a root zone will be anaerobic and will not contribute to TN removal. Implementation 
of this feature will be confirmed in Chapter 3, by consulting tabulated results of maximum root depths 
for the vegetation chosen for this system and environment. 
 Phosphorus is removed in SSF CWs via adsorption, precipitation, and plant uptake if the biomass 
is regularly harvested. Effluent concentrations of phosphorus from HSSF-CWs are primarily functions of 
area, hydraulic loading, and influent concentration. Additionally, the sorption characteristics of the 
media can have the dominant influence on effluent composition in the initial stage of operation of the 
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bed, before the sorption capacity is saturated, or all the sites for sorption are taken up.41 In practice, the 
biomass is not harvested and the media chosen, gravel or crushed rock, only provides limited space for 
adsorption. As such, the removal of phosphorus in HSSF CWs is typically low, in the range of 40 to 60% 
reduction.45 
D. Pathogen Removal 
 Constructed wetlands can be thought of as similar to biofilters or slow sand filters that can 
reduce pathogenic content. The pathogens of concern in wastewater fall into the categories of bacteria, 
viruses, and parasites. Pathogen removal occurs through many routes including adsorption to media and 
NOM, natural die-off, predation by nematodes and protozoa, as well as exposure to biocides that are 
excreted by the macrophytic roots of the aquatic plants.41  Physically, bacteria and pathogens can 
undergo sedimentation or sorption to organic matter or the CW media. Because helminth eggs, 
coliforms, and some bacteria like fecal streptococci have high settling velocities, around 0.1 mm/s, 
sedimentation is the main removal mechanism inside of SSF-CWs for them. However, protozoan cysts 
and other bacteria and viruses have lower settling velocities, less than 0.001 mm/s which means they 
can only be removed by sedimentation if they are attached to larger particles. In the case of attachment, 
their elimination is correlated to suspended solid particle removal.46 Pathogen removal due to 
adsorption might be due to interactions with both the plant roots and the media of the CW bed. If a 
saturation of plant roots and substrates were to be assumed, a SSF-CW system would provide a net 
removal of coliforms but only at the beginning of the CW operational period, before all the sites were 
saturated.46 However, this assumption is not often made as most studies of pathogen removal show 
consistent removal across the length of the bed and entire course of treatment. Chemically, oxidation 
and exposure to biocides from the plant excretions reduce the pathogenic content. Roots expel chemical 
exudates that allow for microbial inactivation of pathogens.46 Pathogen removal rates depend on 
hydraulics, vegetation, seasonal variation, and influent water composition.46 CWs have been shown to 
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remove nearly 100% of parasitic eggs.47 With the ability to efficiently remove pathogens such as E. coli 
and helminths along with representative markers of contamination such as Total Coliforms, the effluent 
from the CW can have potential reuse applications in irrigation or industrial processes, if the effluent 
levels meet the regulations for reuse standards. Coliform reduction is typically recorded in logarithmic 
units. 
 In a 2015 study that compared hybrid CW systems performance, the portions of the systems 
that consisted of HSSF-CWs consistently removed around 92% of Total Coliforms (a 1.1 log unit 
reduction) and 98% of E.coli (1.7 log unit reduction).19 The study also found that in similar hybrid SSF-CW 
systems, the performance of the HSSF wetlands was statistically “superior to the VF wetlands” with 
regard to total coliform removal. The author posited this strong contribution to pathogen removal as 
due to the HSSF bed reaching a higher level of maturity than the VSSF wetlands in the operational time 
of the study, in addition to the fact that the vegetation used, C. Indica, was highly developed at 2 meters 
depth.19 From a review of pathogen removal in HSSF-CWs globally, it was found that longer retention 
times, finer bed media, warmer water temperature and shallower bed depths gave the best 
performance, with a median global removal of 1.82-log reduction in fecal coliforms.41 
 Inefficiencies in the hydraulic design of constructed wetlands are recognized as being one of the 
largest barriers to optimizing pathogen removal within them, namely due to short-circuiting. Short 
circuiting is when the CW bed has dead zones of flow that can result in the water having multiple 
different retention times. An example of the severity of this problem follows: If a wetland were designed 
to provide a 99.99% or 4-log removal of pathogens and 20% of the flow has experienced short-circuiting, 
providing for 1/8th of the retention time within the bed, the actual pathogen removal through that 
whole system would only be about 90%, or 1-log.46 In order to maximize pathogen removal, short-
circuiting must be controlled for, as will be discussed in Chapter 4. Additionally, Equation 9 shows that 
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first-order models are traditionally used to account for pathogen inactivation within SSF-CWs, similar to 
the first-order kinetics of BOD removal.41 
                                                                  Log (Ce/Ci)=-0.295Θ                                                  (9) 
where 
Ce= effluent concentration, CFU/100 mL 
Ci= influent concentration, CFU/100 mL 
Θ = retention time, days 
 
 Overall, the field of pathogen removal in constructed wetlands is rather young, and 
improvement in fecal coliform removal is needed. As a result, levels of these fecal coliforms and other 
bacterial markers in effluent from CW systems are still higher than regulation standards for reuse which 
is 1000 CFU/mL, which has major implications for public health with regards to reuse of water for 
bathing, irrigating, or recreation. 
III. Constructed Wetland Design Elements 
A. Mass Loading of the CW 
 The WWTP is designed to treat 3 L/s of wastewater, or 0.003 m3/s.  This suggests a maximum 
daily treated volume of 259.2 m3 of wastewater. Given the maximum daily flow rate and knowing the 
effluent concentration enables the calculation of pollutant loading into the CW system. It is important to 
know the loading rates of different contaminants like BOD, TSS, TN, and TP because CW systems have 
better removal efficiency with an optimum level of pollutant loading. In practice, SSF-CWs can produce 
measured effluent concentrations below 30 mg/L of BOD and TSS if the mass loading is maintained 
below 60 kg/ha-day for BOD and 200 kg/ha-day for TSS.28 Table 9 shows the daily pollutant loading 
expected for the CW system being designed in Jocotepec. Because the daily mass loading of BOD of 25 
kg/hectare-day is less than the level of 60 kg/ha-day, designing a SSF-CW to meet the BOD effluent 
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requirement of 30 mg/L is possible. If the mass loading were higher than the suggested values, the 
system could become overloaded or clogged, which could lead to surface flow, short-circuiting, and a 
decrease in contaminant removal efficiency. 
Table 9 Daily Pollutant Mass Loading at the San Pedro Tesistán WWTP 
Contaminant  Daily Mass Loading 
(kg/ha-day) 
BOD 25 
TSS 54 
COD 120 
TN 7 
TP 16 
B. Wetland Size 
 There are different methods for sizing wetlands—prescriptive sizing criteria or performance-
based sizing. Another way to differentiate between the two options is sizing calculations versus physical 
specifications. The choice of method can be predicated on the application for the treated wastewater, 
whether for irrigation or surface water discharge. Additionally, local regulations could demand 
compliance with certain water quality standards (performance-based) or only require the design to 
meet certain specifications (technology- based).41 This study will utilize a performance-based sizing 
approach, according to five steps to size a HSSF-CW bed based on removal performance.43   
 First, the media type and vegetation are chosen and inform the depth of the bed to be used. In 
warm climates like that of Jocotepec, freezing is not a significant risk, so a bed depth of 0.3 m could be 
appropriate. Having this shallower depth allows for a larger amount of oxygen transfer but increases the 
surface area required.40  However, it is convention for SSF wetlands to have an operating depth of 0.6 m. 
This decision is appropriate because of the land availability at the San Pedro Tesistán WWTP site and the 
decision to use macrophytes with deep rooting capability. Second, based on the media chosen, the 
porosity, ε, and hydraulic conductivity, ks, of the media being used are obtained, through 
experimentation or consulting past research. Hydraulic conductivity is the measure of how easily the 
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media can transmit the flow of water under a specified hydraulic gradient. Third, using Equation 8, the 
required surface area of the bed for the level of BOD removal desired is determined.  
 The fourth step involves choosing an appropriate aspect ratio (length to width) based on the site 
topography and space availability. Because these sizing steps utilize the plug-flow assumption to make 
design considerations simpler, it also inherently assumes that plug flow is ensured throughout this 
system, which is theoretically easier than it is in practice. As a result, designers of SSF-CW systems in the 
past have used high aspect ratios (over 10:1) which unnecessarily caused surface flow on the systems 
due to lack of available hydraulic gradient slope.43These high aspect ratios were also used to prevent 
short-circuiting within the systems. Hydraulic gradient slope, s, is equal to the change in water height or 
head loss, divided by the length of travel of the wetland. When there is not enough available hydraulic 
gradient, the system cannot maintain subsurface flow. To avoid the unnecessarily high aspect ratios and 
subsequent surface flow issues of the past, current practices recommend that the aspect ratio is 
between 0.25:1 and 4:1.40 Using an aspect ratio in this recommended range allows for the 
determination of length and width of the CW from the cross-sectional area, As. 
 The fifth step in this process takes the previously described hydraulic concepts of head loss and 
conductivity into account. Darcy’s Law, as shown in Equation 10 is used to calculate the flow rate that 
can hydraulically be accepted by the cross-sectional area of the CW. The cross-sectional area is 
determined from the width found in the previous step, and depth used throughout the calculation. 
                                                    QD= ksAcs                                                      (10) 
where  
QD= Darcy’s Law flow rate, m3/s 
ks= hydraulic conductivity, m/s 
Ac= cross sectional area, m2 
s= hydraulic gradient, m/m 
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Darcy’s law should be used with the following limits: the hydraulic conductivity should be less than one 
third of its original value, and the hydraulic gradient should be less than 10% of its maximum potential.43 
These parameters account for clogging and root growth that occurs over time.28 If the flow rate 
calculated using Equation 10 is less than the design flow rate, this means surface flow is possible which 
is not a desirable outcome. Surface flow provides an immense route for short-circuiting to happen 
within the CW, which is why it is to be avoided. As a result, the aspect ratio should be manipulated and 
these five steps should be iterated upon until the flow rate from Darcy’s law equals the design flow rate, 
at which point the CW is considered designed appropriately. 
C. Components 
 The design of an HSSF-CW as shown in Figure 8, requires appropriate choice of porous bed 
material, liner, and vegetation, all of which are described in the following sections. 
 
Figure 8 Schematic of SSF-CW40 
1. Media 
 Economics, availability and local design practices typically influence the type of media used in a 
SSF-CW.  The clogging of granular media is one of the most troublesome operational problems with SSF-
CWs. Clogging is linked to the type of media that is in turn, linked to HRT. This is because the hydraulic 
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conductivity of the media relies heavily on media size,  incoming wastewater particle size distribution 
and particle shape48. Hydraulic conductivity is the ability for the media to move water through its pores. 
It has been shown that if a low aspect ratio is used in construction, a relatively wide entry zone will be 
ensured which will result in low organic loading on the cross sectional area of the bed .43 This reduces 
concerns over clogging and allows for a less regimented choice regarding hydraulic conductivity of the 
media chosen. The recommendation for media sizing has changed over time and depends on the region 
of implementation. In a 1993 EPA manual, a wide range of media sizes, between 2 and 128 mm was 
recommended.43 Another source, the International Water Association Specialist Group on Use of 
Macrophytes in Water Pollution Control, advised the most common sizes of media in an HSSF-CW  were 
cited to range from 8-16 mm.49 In practice, coarse stones are used in the inlet and outlet regions of the 
CW to allow for water to flow through the bed and skirt the problem of overland flow. There exists a 
tradeoff between treatment potential and hydraulic ability of the beds, as with most filtration 
processes. Having a coarser grain in these inlet and outlet regions avoids the clogging and hydraulic 
issues associated with fine particles. However, finer materials provide a greater surface area on which 
biofilms can grow and lead to better treatment of the wastewater. Therefore the coarser materials are 
used in the inlet and outlets while the treatment zone between inlet and outlet uses smaller grains.41   
 Ultimately, when choosing what media to fill the bed with, bulk porosity, stability, surface area, 
uniformity, and permeability must be considered. Bulk porosity is the amount of space between the 
media particles and is typically around 30%, which allows for the effluent to flow through the wetland 
cell while providing enough contact time with the media for the processes described earlier in the 
chapter to take place. The stability of the media refers to its ability to not breakdown over time and 
degrade into the wastewater. Proper surface area allows for microorganisms to attach and colonize and 
degrade organic matter via biofilms. Uniformity refers to the principle that all of the medium should be 
of the same size to maximize the pore spaces for wastewater travel through the pores.  If the media is 
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not uniform, smaller particles will end up filling the pores spaces between larger media pieces, thus 
blocking the spots for wastewater to flow and contaminants to be trapped.50  
 Even after all of those considerations, the tradeoff between cost and type of material versus 
treatment efficiency is also regional, as locally sourced materials are often the most economical and 
appropriate choice for constructed wetland systems. The research group of Florentina Zurita has 
conducted multiple studies researching HSSF-CWs in Jalisco, Mexico.19,51,52 In each of these, a volcanic 
rock locally named tezontle was used as the bed media. Tezontle is a porous material that is widely used 
in the construction industry in Mexico because it is quite hard and resistant due to its volcanic creation. 
Table 10 shows the structural properties of ground tezontle, a smaller subset of tezontle gravel. Even 
with the smaller grain size, tezontle’s properties place it within a range of recommended values for filter 
media in CWs.52 The ground tezontle had a wide particle size distribution, with 93% of the material 
having a diameter between 0.425 and 4 mm. However, in the research of Zurita et al., tezontle gravel 
was purchased from a local construction source near Guadalajara and ranged in diameter from 5 to 10 
mm with a porosity of 0.53 which is on the lower end of EPA’s recommended diameters but well 
situated within the IWRA’s recommendations53. The parameters shown in Table 10  illustrate the 
massive void space tezontle provides, but the media sizes this report will utilize in design will be those of 
tezontle gravel, not ground tezontle, with the values of 5-10 mm in media diameter and 0.53 porosity.  
Table 10 Structural characteristics of ground tezontle52 
Parameter Value 
d10 (mm) 0.48 
d60 (mm) 1.9 
Uniformity coefficient, U 3.95 
Apparent porosity/ void space (%) 56.2 
Bulk density (kg/m3) 1047 
Total pore volume (cm3/g) 0.008 
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The high porosity exhibited by this material make it advantageous to use in constructed wetlands 
because it has been shown that higher amounts of void space lead to higher hydraulic conductivities.54 It 
could be assumed then, that other side of this is that if the water can too easily pass through the bed, 
the required HRT to remove contaminants will not be reached. In fact, this is not true because the 
conductivity only sets an upper limit on the detention time – the water cannot go through the bed faster 
than a certain velocity at any given hydraulic gradient. Because tezontle is locally available and used in 
constructed wetlands in Mexico already, it is an appropriate choice of media for the HSSF-CW bed being 
designed in this study. 
2. Liner 
 The type of liner used depends on the soil conditions of the site. The purpose of a liner is to 
prevent contact between wastewater and fresh groundwater before it is treated. Therefore, liners are 
always necessary if the surrounding soil has a high permeability. If the soil has enough clay content, 
compaction of the material alone or with the addition of bentonite or lime, could serve as an adequate 
seal of the basin.41 Typical liners are made of clay, asphalt, concrete, or plastic. In North America, 
polyvinyl chloride (PVC)- liners of 0.76 mm thickness are used for smaller CW systems, while larger 
systems use thicker 1.1 to 1.5 mm high density polyethylene (HDPE).41 In Yucatan, Mexico, PVC was used 
to line HSSF-CWs in a study comparing the performance of varying macrophytes.55 Additionally, in all of 
the work that the Zurita research group did, as mentioned with the tezontle studies, PVC liners were 
used. The cultural liaison did not cite any hesitation about acquiring such a material in Jocotepec. This 
study will therefore use a PVC or HDPE liner for the bed, as 20 mil liners, or liners of 0.54 mm thickness   
(1 inch = 25.4 mm, 1 mil = 0.0254 mm, 20 mil= 0.54 mm)., are often used in other industries in the state 
of Jalisco. 
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3. Indigenous plants 
 Plant selection and establishment in constructed wetlands requires knowledge of the function 
of vegetation, as well as the types of plants suitable for the environment. Plants provide useful functions 
such as oxygen transfer from the roots and increased area for bacteria to grow.  A 2006 study provided a 
review of 27 different studies looking at whether planted SSF-CWs were better than non-planted ones.56 
The conclusion was that planted beds show a “significant and positive effect of macrophytes on 
pollutant removal,” which, while not novel, is an important concept to prove statistically and 
quantifiably in order to direct future research efforts and give engineers a rational basis for design.56 A 
subsequent study researched the effects on pollutant removal of having multiple species in a single 
HSSF-CW. It was found that wetlands planted with three species were more effective than those with 
only one.35 Having several species provides for a more widespread distribution of the roots of the plants 
and thus a more favorable habitat that encourages growth of microbial communities which will then 
degrade organic matter.35 Additionally, this diversity in root structure is able to delay the wastewater 
flowing through the system which increases the retention time and thus increases removal efficiencies. 
Plants should be selected based on growth habit, flooding tolerance, and wastewater tolerance.28 
Specifically, in this report, locally sourced vegetation is of utmost importance to keep capital costs down 
and maintenance responsibilities reasonable, as well as ensuring viability of the system. In designing a 
CW, a few species of plants cannot simply be picked and expected to thrive. It is known that “such 
attempts frequently fail because of the natural diversity of competitive species.”41 The more successful 
strategy comes by designing at a more macro level,  creating the environment for groups of species to 
thrive. The CW should be planted with a diversity of multiple species and then guided moderately from 
external sources.   
 In a 2011 study on CWs in Jalisco, Mexico, Zurita et. al compared the usage of five different 
species of plants in SSF-CWs to evaluate their performance: Strelitzia reginae, Anthurium andreanum, 
53 
 
Zantedeschia aethiopica (Z. aethiopica), Canna hybrids, and Hemmerocallis dumortieri.53 All five species, 
plus four ornamental species, demonstrated high treatment efficiency. Z. aethiopica was found to have 
a better and faster plant development when planed in HSSF-CW than in VSSF-CWs, owing to the 
statistically significant higher production of leaves, shoots and flowers. This increased plant 
development is confirmation that this species can tolerate, and even flourish in, continually flooded 
conditions characteristic of SSF-CW systems. In a more recent 2015 study by Zurita, Z. aethiopica plants 
were yet again chosen19. However, Z. aethiopica plants were replaced with Canna indica after only 8 
months of the study because the former began to break down during the dry season. Z. aethiopica 
plants, commonly called the calla lily, are ornamental plants, found locally in Jalisco, Mexico. As Zurita et 
al’s research was conducted in Ocotlan, which is in the state of Jalisco along with Jocotepec and also 
located close to Lake Chapala, it is appropriate to assume the same wetland plants are prevalent. Also 
because their research location had a climate that is warm and wet with rainfall in the summer, it is 
appropriate to choose Z. aethiopica for use in Jocotepec, which exhibits a similar climatic and rainfall 
pattern.53   
 Abiding by the principle of using indigenous plants and locally sourced materials, the cultural 
liaison identified a few other emergent aquatic macrophytes growing near Lake Chapala that could be 
cultivated and planted as well, in order to capitalize on the known effectiveness of a diverse root 
structure. The common reed, Phragmites australis (P. australis), grows abundantly in the area, along 
with the common cattail, Typha latifolia (T. latifolia). P. australis and T. latifolia are both perennials and 
flood-tolerant. Both native species are known to have extensive rhizome systems as can be seen in 
Figure 9. Their roots penetrate the soil to depths ranging from 0.6 to 1 m, making them appropriate 
macrophytes for a 0.6 m deep HSSF-CW57. 
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Figure 9 P. australis rhizome (left) and T. latifolia biomass with subset rhizome (right)57 
D. Study Site Description 
 This proposed HSSF-CW will treat wastewater originating from the population of Jocotepec, a 
city in the state of Jalisco. The site has coordinates of latitude 20°13'37.4"N, longtitude103°24'39.6"W 
and is located at an elevation of 1560 m. The inflow to the San Pedro Tesistán WWTP is mainly from 
domestic wastewater, with very a minor industrial contribution. As such, the contamination sources are 
predominately from the organic pollution of fecal sewage and grey water from bathing and washing. 
The proposed design utilizes the effluent from the WWTP to directly enter the CW and with its treated 
effluent discharged into Lake Chapala. Data from 2008-2010 was analyzed which indicated an average 
flow rate of 259 m3/day of wastewater exiting the WWTP. This time period was chosen for the 
availability and thoroughness of data available from CONAGUA for this site. 
 The bed slope can be influenced by site topography; however, the exact ground slope was 
unable to be obtained from the site remotely. The cultural liaison identified that the slope at the site is 
“notorious” meaning that the natural ground slope would provide ample guidance and ability for a 
gravity driven system. It is standard practice to design a HSSF-CW with a minimum 1% ground slope to 
allow for a gravity driven operation.58 Additionally, the soil of the surrounding area is described as clay-
like, which prevents the water from the lake eroding away the land between the lake and the WWTP. 
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When surveying the land in order to site the HSSF-CW, it is important to understand the type of soil so 
the correct liner can be chosen. 
 Rainfall is highly seasonal. Summer months, May through January, are the wettest, while winters 
are much drier, with the driest month being March. The variation between driest and wettest months is 
179 mm. The normal annual rainfall is 721 mm. It is coldest in January and warmest in May. However 
the average annual temperature is rather steady at 19.2ᵒC, with a temperature variation of only 6.8ᵒC 
throughout the year.59 The average WWTP effluent temperature is 24.4ᵒC ± 0.75ᵒC, meaning that 
variations in the rate constants referenced in Section II are not a large concern for design. 
 With regards to hydrology, design manuals for constructed wetland construction recommend 
that systems be designed for daily average flow rate and that the impact of peak flows and storm events 
be evaluated.28 It is apparent that storm events will cause some surface flow, but with these increases in 
rainwater into the combined sewer network, it is assumed that the amount of contamination of the 
water will be proportionally reduced due to dilution, so treatment efficiency is not typically affected.40 
Because of the choice of HSSF-CW over VSSF-CW, dosing rates are not of concern in this design and flow 
into the CW system can be assumed to be continuous, including weather events. The existing WWTP has 
measures of flow control to allow for variations due to storm events without increasing the flowrate 
throughout the facility. 
E.   Hydraulic Controls 
 The key motivation for a discussion surrounding the hydraulics of the CW system is to ensure 
that the designed system remains as designed once operational. It is desired for the HSSF-CW to remain 
under subsurface flow and not tend toward surface flow. A large number of operating SSF-CWs are 
exhibiting differing degrees of surface flow today, whether from clogging due to accumulation of 
suspended solids, or improper design from the beginning regarding the hydraulic gradient. The same can 
be said for many stand-alone septic tanks as well. 
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 In currently operating HSSF-CW systems, the inlet structures include surface and subsurface 
manifolds, open trenches laid perpendicular to the direction of the flow, and single point weir boxes.43 
Within the manifold design, there are choices that exist between perforated or non-perforated pipe, 
and installation above or below ground. The main advantage of a subsurface inlet manifold is the 
avoidance of algal build up on rock surfaces, while the main disadvantage is the inability for future 
adjustment of the system, coupled with limited access for maintenance. Because of the constraint of 
building this system in a resource-poor context, in regards to both skill and money, it is unreasonable to 
expect the operator of the existing WWTP to manipulate and maintain an underground inlet control 
structure. The inlet structure will receive the effluent from the WWTP discharge pipe and the CW will be 
sited to avoid any hydraulic issues from connecting the discharge to the above ground inlet manifold, 
like backflow. The design of this manifold will be similar to that shown in Figure 10. 
 
Figure 10 Example inlet manifold for HSSF-CW40 
 The most common outlet control structure is the perforated subsurface manifold, but other 
options include weir boxes or other structures with gates. It is advisable to use an adjustable outlet in 
order to maintain an appropriate hydraulic gradient in the bed. The adjustments this outlet could offer 
range from lowering the water level before a major rain event or raising the water level in the bed to 
help with vegetation growth/weed control. The perforated subsurface manifold can be connected to a 
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manhole immediately following the CW, the design of which Chapter 3 covers. While the type of outlet 
control device is important, perhaps more important to hydraulic design is its location. Lowering the 
water level at the end of the bed allows for the accumulation of enough pressure head to overcome the 
resistance to flow through the media of the subsurface bed. If the outlet port in the effluent manifold is 
located at the top of the bed, in line with the inlet port, it negates the development of the hydraulic 
gradient across the bed which assures for the surface flow to occur. The outlet control, as in most cases, 
connects to the final discharge pipe that will carry the treated wastewater to Lake Chapala, a mere 200 
meters away. One design parameter that is missing from this study is the depth of the existing discharge 
pipe going from the WWTP to Lake Chapala. The cultural liaison noted that the government of Mexico 
does not regulate sewer line depths,  which means that, until actual excavation occurs, detailed 
drawings of the depths of pipes cannot be provided. 
 Another aspect of importance is that hydraulic gradient has serious implications for retention 
time and on performance of the system to remove BOD and pathogens. Retention time, as it has been 
defined, is merely a function of fraction of the bed’s volume that is filled with wastewater. If the 
hydraulic gradient were to increase, the outlet would have to be lowered, so as to maintain subsurface 
flow. In doing so, the wetted volume would decrease, as less media was being submerged with 
wastewater. It is likely that scenario just described would happen after the bed had ripened and was 
beginning to show signs of clogging, necessitating a shorter retention time with less wetted area at the 
end of the bed to overcome the clogging. Many studies have researched the effects of retention time, 
but the results often aren’t conclusive48. Theoretically, it would follow that wastewater that spends 
more time in the CW will emerge with higher quality than the water that short circuits and has shorter 
retention time. However, the only way to know what would truly happen in this system would be 
construct a pilot-scale HSSF-CW on site and research optimal HRT for this specific CW system. 
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IV.  HSSF-CW Design Proposal for San Pedro Tesistán WWTP 
 Given the governing equations for micro processes and the guiding principles of macro 
considerations, the following design is proposed for a HSSF-CW, receiving the effluent of the San Pedro 
Tesistán WWTP and discharging into Lake 
Chapala. A horizontal subsurface flow 
constructed wetland will be located just 
inside the fenced area of the existing 
WWTP location, as the enclosed area of 
the WWTP has roughly 23 m by 46 m of 
free area. The location of this CW system 
is shown in Figure 11,  in the area allotted 
for future growth by the WWTP 
management. More detailed plan views 
will be provided in Chapter 4. The HSSF-
CW will be designed to meet the Mexican 
Water Quality Standards set forth by 
CONAGUA and shown in Table 4 . The CW 
will be sized according to BOD removal, as the government will not fund improvements to WWTPs to 
meet quality goals other than those which are regulated. While this report will not size the CW for the 
public health problem at hand, the modeling of fecal coliform removal was put forth in Equation 10 so 
that the coliform removal performance of the CW being proposed could be measured to see if it is 
capable of meeting NOM-001 standards. 
 The steps from Section III.B. were used to determine the appropriate size of wetland. Using 
Equation 8, the required surface area of the bed was calculated to be 656.6 m2, with a bed depth of 0.6 
Figure 11 Plan view of San Pedro Tesistán WWTP and surrounding 
areas (not to scale) 
pedestrian walkway 
Lake Chapala 
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m. Using an aspect ratio of 3:1, the length and width of the CW were calculated to be 45 m and 15 m, 
respectively. The retention time through the system is 0.81 days. Using Darcy’s law, Equation 10, and 
the appropriate values for hydraulic gradient and conductivity, the design flow rate is confirmed, 
through a cross-sectional area of 8.9 m2. The entirety of this calculation and values used are located in 
the appendix. 
 The 45 m x 15 m x 0.6 m bed will be constructed with a bottom slope of 1% and side walls of 
45ᵒ. This single subsurface cell will be lined with 20 mil thick HDPE liner and filled with tezontle gravel, 
ranging in diameter from 5-10 mm, with a porosity of 0.53. In research conducted in the same region of 
Mexico, tezontle was noted to be widely available in this size.35,53,60 For vegetation, the emergent 
macrophyte  Z. aethopica will use this media as the basis of its root structure. Additionally, P. australis 
and T. latifolia will be planted, due to their hearty stalks and ability to thrive in flooded conditions. 
 The HSSF-CW will be fed by an above ground perforated PVC pipe inlet structure that will be 
connected to the discharge pipe from the exit of the primary treatment system, located conveniently 
across the pedestrian walkway, as can be seen in Figure 11. Roughly 0.003 m3/s will flow through this 
pipe into the CW, but it will be dispersed evenly across the inlet zone.  Due to the percolation and 
dispersion of flow through the inlet zone media, the flow will be more or less evenly distributed across 
the main treatment bed. The effluent of the HSSF-CW will exit via the outlet structure of a perforated 
subsurface manifold that will be located at the bottom of the 0.6 m media depth, so as to allow for 
appropriate head loss. The outlet will discharge into an overflow manhole with a swivel 90ᵒ elbow to 
allow for water level control in the bed. This is described more in detail in Chapter 4 and can be seen 
clearly in Figures 15 and 16. The manhole will drain to the main discharge line from the WWTP that up 
to now has been discharging primary treated wastewater directly into Lake Chapala. This existing 
discharge pipe extends below ground 200 m until it reaches the shores of Lake Chapala. 
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V. Performance of the HSSF-CW at San Pedro Tesistán WWTP 
 With the design proposed in Section IV, performance of the HSSF-CW can be assessed within the 
following ways: empirical equations (denoted with *), assumptions made during design (denoted        
with **), and from the work of previous studies (denoted with ***). These results are shown in Table 11. 
            Table 11 Contaminant removal efficiencies of the proposed HSSF-CW 
 
  Of all the contaminants and performance predictions, BOD, TSS, and COD regulations were 
consistently met, while TP, TN, and Fecal Coliforms never met NOM-001 regulation levels with this 
design. Because the HSSF-CW was sized for BOD removal, the first listed expected effluent quality is the 
Contaminants WWTP Effluent 
Quality 
Expected CW 
Effluent 
Quality 
NOM-001 Regulation 
Quality 
Removal 
Efficiency 
(%) 
BOD 95 mg/L 30 mg/L* 
19 mg/L*** 
30 mg/L 68% 
80% 
TSS 207 mg/L 40 mg/L** 
66 mg/L* 
32 mg/L*** 
40 mg/L 81% 
68% 
85% 
COD 464 mg/L 106 mg/L*** 120 mg/L 77% 
TP 27 mg/L 15 mg/L*** 5 mg/L 45% 
TN 61 mg/L 28 mg/L*** 15 mg/L 54% 
Fecal Coliforms 6.1x105 CFU/ 100 mL 3.5x105 CFU/ 
100 mL * 
4.3x104 CFU/ 
100 mL*** 
1000 CFU/ 
100 mL 
43% 
93% 
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NOM-001 level of 30 mg/L. Using previous research that showed that HSSF-CWs can achieve 80% 
removal of BOD, the second expected value of 19 mg/L was obtained. 
 The expected TSS level of effluent was able to be calculated all three ways. With the assumption 
previously stated that all TSS is removed when a HSSF-CW is designed for BOD removal, the first 
expected value of 40 mg/L is arrived at. With the empirical design Equation 4, a higher expected value of  
66 mg/L was calculated. With past work that suggested HSSF-CWs could provide 85% removal of TSS, a 
value of 32 mg/L was obtained. Expected levels of COD, TN, and TP were all calculated from previous 
work that suggested a HSSF-CW could remove 77%, 45%, and 54% respectively. Using these numbers, 
only COD was below the NOM-001 regulation limit. Finally, fecal coliforms were able to be calculated via 
empirical Equation 9 and by previous work with HSSF-CWs. The two removal efficiencies arrived at, 43% 
and 93%, are vastly different and both suggest that the proposed design of HSSF-CW does not come 
close to meeting the standard of 1000 CFU/ 100 mL. 
 These expected values suggest that this design could confidently be used for BOD and TSS 
removal, while adjustments to the design would be needed for adequate removal of nutrients and 
especially fecal coliform removal. Some of these hypothetical adjustments will be discussed in Chapter 
5. 
 
 
 
 
 
 
 
62 
 
Chapter 4: Implementation 
This chapter constitutes a plan for implementing the solution previously arrived at to improve poor 
wastewater treatment at the San Pedro Tesistán WWTP in Jocotepec, Jalisco, Mexico. This chapter will 
detail the steps, scheduling, costs and troubleshooting that are associated with implementing the 
horizontal subsurface flow constructed wetland (HSSF-CW) proposed in Chapter 3 for add-on treatment 
of the WWTP effluent before discharge into Lake Chapala. 
I. Construction 
The construction of a HSSF-CW is a straightforward process entailing building and lining of the 
basin, installation of inlet and outlet structures, filling the basin with substrate, and planting the 
vegetation. It is this construction phase where the majority of the cost of implementing a CW system is 
incurred, as will be discussed later in Section III. 
 Before any construction takes place, whether domestically or globally, it must be ensured that 
the land is permitted for the intended use of the construction project. If it were the case that a permit 
was needed, it would depend upon the water quality standards of the receiving body, as shown in . In 
this case, the HSSF-CW will be constructed within the walls of the existing WWTP, in an area that was 
designated for future growth. For this reason, no new permitting is needed and construction can 
commence according to the following plan.  
  Additionally, before construction can begin, appropriate personnel must be identified and hired 
and design plans clarified. With regard to personnel, each following step of construction and 
implementation will reference how many workers are needed to complete a task. The workers will have 
experience in the construction industry and will preferably have worked on government construction 
projects prior to work on this site in Jocotepec. A site engineer will oversee the project from breaking 
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ground through start-up. This site engineer will hold a professional license akin to having a Professional 
Engineer (PE) license in the United States. After graduating from a university with a similar to ABET 
accredited engineering curriculum by the Consejo de Acreditacion de la Ensenanza de la Ingenieria 
(CACEI), the site engineer will have sat for an exit exam that was written and evaluated at the accredited 
institution61. Having passed this test, the engineer will have gained the distinction of “titulado en 
ingenieria” or “one who holds the title of Engineer”. Because the principles of constructed wetlands are 
an innovative take on hydraulics, filtration, sedimentation, ecology, and engineering, it is assumed that 
the site engineer would be working in Environmental Engineering in Mexico and be able to undertake 
the professional responsibility and liability of heading up an engineering project and training existing 
WWTP personnel.  While it is unlikely that many PEs in Mexico will have experience with CWs, being 
familiar with engineering principles, construction management, and having done environmental 
engineering field work will suffice for adequate experience. The site engineer will ensure that the HSSF-
CW is implemented according to the following design plans. The plan view of the HSSF-CW is shown in 
Figure 12 while a section view of the system is shown in Figure 13. 
 
Figure 12 Zoomed in plan view of HSSF-CW location 
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Figure 13 Cross-sectional view of HSSF-CW design 
 Following understanding and subsequent approval of design documents, the site must be 
cleared of any large brush, which at this site is not a major issue. The ground is free of stumps and debris 
and adequately maintained as part of the existing 
WWTP grounds. There are a few shrubs that must 
be removed, as can be seen in Figure 14. The star 
denotes the open area that has been designated 
by the WWTP management as room for growth, 
and is adjacent to the inlet and plant de-gritter. 
The arrow indicates a natural downward slope of 
the land, toward Lake Chapala, 200 m to the left 
from where this picture was taken. 
 After clearing of the land shown in Figure 14, excavation will take place. A mini backhoe will be 
rented to dig out the basin to a depth of 0.6 m and surface dimensions of 45 m by 15 m. Because the 
water depth is only 0.6 m, care must be taken to ensure a constant depth over the entire bottom of the 
Figure 14 Landscape for siting HSSF-CW at San Pedro 
Tesistán WWTP 
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bed since irregularities in the bottom surface could induce a preferential flow.62 Due to the relatively 
shallow depth, this excavation will only take one day with two laborers. Following excavation will be 
compaction of the soil. A medium weight rammer will be rented for this purpose. Two workers will 
move the rammer around the area of the bed and tamp down the existing clay soil, creating an 
impermeable and compressed layer of clay. This compaction needs to be uniform in order to ensure 
protection of the liner from undue stress once the basin is filled.62 Through the use of the compactor 
and excavator, the HSSF-CW will be constructed with a bottom slope of 1% to sufficiently drain the cell 
and maintain constant flow conditions. This grading will occur at time of compaction, with the site 
engineer overseeing and verifying implementation. 
 Next, the high-density polyethylene (HDPE) liner will be installed. Because the soil is composed 
uniformly of clay content that will have just been compacted, it is not expected to contain sharp stones. 
However, the true composition of the soil may not be known until excavation takes place. Given that 
natural soil is of uniform composition, the liner does not need the extra precaution of having a 
geotextile fabric or layer of sand placed beneath it to protect against puncture. The liner will be laid 
down in such a way that there is excess coming over the edges of the bed. The exterior earthen berms 
will be built on top of this overlap, in order to ensure the fixed nature of the liner. The laborers will be 
familiar with this technique and HDPE material as it is commonly used for constructing landfills in the 
state of Jalisco.38 Even with their familiarity with the work, the site engineer will supervise this step 
carefully to ensure that the basin and liner have structural integrity, as the remainder of construction 
would be negated by having a leaky basin. 
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 Grass covered earthen berms, ranging in height from 0.6 to 1 m and with side slopes ranging 
from 2:1 to 3:1 are typically built around the perimeter of constructed wetlands in order to protect the 
bed from surface runoff or heavy rain 
events.62 The berm will serve to provide 
the HSSF-CW with freeboard, against 
overflow from the wetland to outside of 
the berm, for flow fluctuations and 
protection. The soil that is removed 
during excavation can be used to 
form the berm, but it must be heavily compacted so that it will not be washed away with runoff.28 In 
tandem with the berm construction, the main inlet piping and outlet control structure will be installed. It 
is important to lay these pipes before the berm is completed or there would be double the time spent 
on compaction after destroying the berm to lay the pipe. The outlet zone will have a subsurface slotted 
pipe collector, which also must be installed before the bed is filled with media. The slotted pipe collector 
will be placed at the end of the bed and connected to a 90ᵒ elbow PVC pipe as shown in Figure 15. The 
elbow will discharge into a overflow structure immediately following the bed to allow for water level 
adjustment. A more detailed version of this is shown in Figure 16.63 
 
Figure 16 Cross-sectional view of outlet control (left) and outlet control in action (right)63 
Figure 15 Outlet control schematic 55 
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  A concept that was not described in great detail in the previous chapters was the delineation of 
inlet and outlet zones of the HSSF-CW. Both zones will contain their respective flow control structures 
but will also be filled with courser grain tezontle. It is common practice that for the first and last few 
meters of treatment area in HSSF-CWs, there are larger stones or sizes of substrate to provide for an 
even wastewater distribution from the inlet into the bed and an even collection of treated water. The 
EPA recommends that these inlet and outlet zones contain media with an average particle size of 1.5 to 
3 in, or between 38 and 76 mm, which larger than the media to be used in the treatment zone.62 In this 
scenario, a larger size of tezontle is locally available, ranging from 15- 60 mm and it will be placed in the 
inlet and outlet zones. After the medium grain tezontle is washed with clean process water and sieved if 
necessary, the rest of the bed will be filled with it to a depth of 0.6 m by laborers using shovels and 
wheelbarrows. This is expected to take 4 workers 2 full work days. At the end of filling on the second 
day, the bed will be inspected to make sure the media is level. One reason for choosing manual 
spreading of the media over a mechanical method is because the ground will have already been 
compacted and graded with a 1% bottom slope. If a truck were to enter the bed to dump the media, it 
could create preferential flow paths from its tracks, tear the liner, or crush the media. 
 Once the bed is evenly filled with the tezontle, the remainder of the inlet control structure will 
be installed. A perforated pipe manifold will be used across the entire width of the bed with evenly 
spaced orifices cut from the PVC pipe to provide even distribution into the inlet zone. The distances 
between the orifices should be approximately at 10% of the cell width, which in this scenario is every 1.4 
m.57 The left picture of Figure 17 shows a  general view of this PVC pipe inlet distribution system while 
the right picture shows the detail of the wastewater inflow into the larger media inlet region.57            
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This manifold will be connected to the main inlet pipe that feeds into the bed, from the WWTP. 
 
Figure 17 Distribution pipe laid down on the surface of HSSF-CW in the Czech Republic57 
 The final step of construction is harvesting and planting the native vegetation, which will be 
among one of the most manually labor-intensive parts of implementation. The native species of P. 
australis, T. latifolia and Z. aethiopica will be harvested from the shores of Lake Chapala, 200 m from the 
site of the HSSF-CW. The harvesters will be instructed in transplanting techniques, with the most critical 
parameter being that each cutting should have at least one bud or growing shoot and an extensive 
rhizome material, or root structure.40 The root section of each harvested plant should be at least 0.2 m 
in length.43 The vegetation in most existing SSF-CWs was handplanted and this location will not be an 
exception.43 As shown in Figure 18, initial spacing of the plants should range from one plant every 0.3 to 
1.2 m.57  The closer the initial spacing, the faster the system will reach full density of both the root zone 
and emergent material.40  A successful planting of P. australis in a HSSF-CW used the planting density of 
nine rhizomes per square meter.64 Using this same density for the two other plants would require a total 
of 5900 rhizomes of combined vegetation be harvested and planted. Each rhizome cutting will be 
planted 5 cm below the surface of the tezontle, with the bud or shoot exposed to the atmosphere.40 Due 
to the area of the bed, and delicate nature of transplanting buds, it is expected to take 3 laborers 3 days 
to finish establishing the vegetation.  
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 After planting has finished, 
the last step of construction is 
actually the start-up period of the 
system. The inlet perforated 
manifold will be connected to the 
effluent discharge pipe from the 
WWTP and the wastewater will 
flow through the bed. Using the 
control feature of the elbow in the 
manhole, the bed will be flooded. 
The wastewater level will be kept 
at the media surface for a minimum of 6 weeks, as this is a typical amount of time for new growth to 
emerge. Keeping the surface of the bed covered in water ensures that the vegetation that thrives in 
flooded conditions always has access to water to continue to add to its emergent and root structures. 
This startup period allows for ripening of the media, as well as growth of the vegetation.  The scheduling 
of overall implementation was designed around planting the vegetation beginning in March. In 
Jocotepec, by March there are no more cool nights and so the plants do not have to contend with any 
temperature variation which increases their likelihood of survival. One note here is that the plants being 
used are native to the area and so, even if there was a dip in temperature, they are climatized and able 
to handle whatever variation the weather has.  Additionally, June is when the rainy season begins, so 
planting in March would allow the plants to develop their root system before the rains came. 
 The scheduling of the entire construction and start-up of the HSSF-CW at the San Pedro Tesistán 
WWTP can be seen in the Gantt chart shown in Figure 19. Gantt charts are often used in industry to plan 
and track project progress and goals and allow for contingencies to be shown that affect scheduling 
Figure 18 Freshly planted HSSF-CW in the Czech Republic, 
illustrating close plant density 55 
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tasks. For example, having the visual layout of how long filling the bed will take ensures that planting the 
vegetation does not occur before the media is placed. The Gantt chart shows construction beginning on 
February 18, 2019 with three tasks starting simultaneously: clearing brush, washing tezontle, and 
harvesting vegetation. Each task requires a different skill set and therefore different workers can be 
added to the implementation team, based on the discretion of the site engineer and management of the 
WWTP. 
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Figure 19 Gantt chart for project scheduling 
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II. Operation and Maintenance 
 Once constructed, HSSF-CW systems provide passive treatment and therefore need a rather 
small amount of labor to keep them in operation. The two types of operational monitoring required are: 
hydraulic monitoring of the inlet and outlet and water quality monitoring. Hydraulic monitoring entails 
the operator observing the water levels at both ends of the bed and adjusting the level to be at the 
media surface, by using the outlet control mechanism. Because of the variable capability of the outlet 
control, the water level can be easily maintained on its own or with very little operator intervention. The 
vegetation once fully developed, requires little to no attention. According to NOM-001, the standard 
governing wastewater discharges into bodies of water in Mexico, the facility “responsible for the 
discharge is obliged to monitor the wastewater discharges to determine the daily and monthly averages 
[of discharges and water quality].”8 Based on the population of Jocotepec (37,972 people) which the San 
Pedro Tesistán WWTP serves, the wastewater must be sampled once every quarter and reported to 
CONAGUA once every six months. It is this wastewater sampling, that is already occurring at the existing 
WWTP that makes up the water quality monitoring of the system. Table 12 has been included as an 
example of what typical O&M procedures are at existing constructed wetland systems and what would 
be required of the operators at San Pedro Tesistán. The sludge removal task refers to washing the larger 
tezontle in the unplanted inlet zone if it becomes visibly blocked with solids. Because the inlet and 
treatment zones are easily distinguished by media size and presence of vegetation, if the sludge 
accumulation was too great, the inlet media could be removed and washed and replaced. 
Table 12 HSSF-CW operation and maintenance schedule 
Responsibility Frequency 
Check berms for damage/erosion Weekly 
Observe and adjust water levels and flow rates Monthly 
Flush manifold pipes As required 
Removes sludge from inlet zone As required 
Inspect Plant Coverage Monthly 
Effluent water sampling Quarterly 
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These operation and maintenance checks will be performed by the operators of the WWTP, in addition 
to their current job responsibilities.  What these tasks lack in technical prowess they make up in need for 
attention to site conditions, which can easily be taught. The operators will be trained by the site 
engineer during startup of the HSSF-CW system on proper operation of this ecological system in addition 
to the conventional system they already run. 
  Because constructed wetland systems are ecological systems, startup of a new system is a 
critical time because it allows for a period in which the media, plants, and microbes adjust to the 
hydrologic conditions in the wetland. Wetlands are able to better tolerate change if they have been 
allotted time to stabilize initially.29 The EPA suggests a gradual increase in wastewater flow to allow the 
system to adjust to new water chemistry.29 One study that looked at start-up of SSF-CWs found that the 
time it takes for this optimization to take place was within two years.65 That is to say, by the mark of two 
years, the maximum amount of contaminant removal would be achieved. 
 Clogging is a major operational and maintenance issue when using SSF-CWs for wastewater 
treatment. If not managed correctly, it can significantly decrease the useful life of a CW system. Clogging 
is due to a combination of the following factors: wastewater characteristics, upstream treatment 
processes, type of flow, influent distribution, and type of media.66 SSF-CWs are designed, in some ways, 
to be clogged, as they are meant to intentionally accumulate wastewater solids. However, along the 
way, they incidentally accumulate biomass, plant roots, and biofilms, in addition to any solids 
introduced via construction. In HSSF-CWs, intervention into clogging is usually prompted by needing to 
correct the hydraulics of the bed rather than inefficiencies in treatment. Some regions, such as the 
United States and the United Kingdom, “prohibit surface exposure of the wastewater to protect public 
health” and so when surface flow happens, restorative actions must be taken in order to meet 
regulations.66 Interestingly enough, a decrease in treatment efficiency of the wetland is rarely cited in 
these regions as motivation to unclog a HSSF-CW, as many wetlands exhibiting heavily clogged features 
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consistently meet their discharge standards. Many clogging mitigation strategies have already been 
discussed and employed in this case study, such as coarser stones in the inlet and outlet, wide and 
uniform inlet distribution, and using the cross-sectional area of the wetland to determine maximum 
mass loading rates. In practice, one clogging management technique to reduce or prevent clogging is to 
drain the wetland, two to three times a year during the growing season. By cutting off the flow to the 
wetland and allowing it to drain and introducing the flow again, solids trapped in the interstices may be 
loosened and root penetration depth may be enhanced.67 Additionally, clogging will only be a problem 
in the inlet zone (the first meter of treatment) and so this gravel may have to be replaced, which for this 
system would cost around $4500 pesos, or $220 USD, to replace the approximate 18 cubic meters of 
inlet tezontle. 
III. Costs 
 In addition to the scheduling and details of construction, another large factor in implementing a 
project is the associated cost. Without the details of implementation fully worked out, the cost of the 
project cannot be known. The financial feasibility of constructed wetlands in the resource-poor context 
of Mexico has been touted in Chapters 2 and 3. This section will expand on how construction of this 
system can occur on such a small budget. Through working with the cultural liaison for this project, the 
unit costs were obtained from vendors and colleagues working in Jalisco, Mexico. These costs, coupled 
with the resources needed for this project, are combined in Table 13. While lack of physical quotes with 
line item breakdowns adds inherent uncertainty to the task of costing, obtaining actual costs from local 
sources provided more value than rock-solid prices. The overall capital cost for this project to take place 
would be about $160,000 pesos, which converts to around $9000 USD. 
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Table 13 Capital costs of constructing the HSSF-CW at San Pedro Tesistán WWTP 
Element Cost/ Unit Unit Needed 
Total Cost 
(Pesos) 
Total Cost 
(USD) 
Backhoe rental 450 pesos/hour 12 hours $5,400.00 $295.40 
Rammer rental 350 pesos/day 1 day $350.00 $19.15 
Labor 
88.63 pesos/ 
person/day 
56 person-days $4,963.28 $271.51 
Land - 566 m2 $0.00 $0.00 
1.5 mm (15 mil) HDPE Liner 67.45 pesos/ m2 750 m2 $50,587.50 $2,767.37 
Medium Ground Tezontle 250 pesos/m3 400 m3 $100,000.00 $5,470.46 
PVC Pipe 38.20 pesos/ m 30 m $1,146.00 $62.69 
Project Total $162,446.78 $8,886.59 
 
 This estimate for capital cost does not account for paying for engineering, legal, or 
administrative functions. Were this project to actually come to fruition, the author of this report and 
cultural liaison would serve as the engineering services who would propose the design scheme to the 
government of Mexico, through the state of Jalisco’s branch of CONAGUA.  A limitation of this report is 
the lack of knowledge surrounding overhead costs from engineering contractors and firms that do 
design work for the government.  This is a rather large limitation because there are high economies of 
scale in engineering problems that unfortunately make smaller projects proportionately more 
expensive. Moving forward with this project, a government representative would be contacted to put a 
number to typical legal, administrative and engineering services on government projects. 
 An interesting way to view the capital costs of the project is to break it down in percentages of 
total project cost by component. In Table 14, the breakdown of this project’s capital cost is compared to 
a published range of global project capital costs, as originally published by Vymazal in 2008.57  The 
excavation, plants, and control structures of this project in Jocotepec are lower than the global ranges.  
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Table 14 Capital cost breakdown with global comparison57 
Component % of Total Capital Cost Range of Reported % of Total, Globally 
Excavation 3.54 7- 27.4 
Labor 3.06 N/A 
Media 61.56 27-53 
Liner 31.14 13-33 
Plants 0.00 2-10.9 
Control Structures 0.71 5-12 
 
This is because the price for plants is lumped into labor as the only cost incurred is from paying laborers  
to harvest from the existing naturally occurring wetlands along the shores of the Lake Chapala.  The land 
the vegetation is harvested from is government land and no re-selling of plants would be required. 
Control structures, including manifolds and distribution piping is lower than the global range because 
PVC pipes are relatively cheap in Mexico and the manifolds will be constructed on site. Prefabricated 
inlet and outlet manifolds could have inflated the costs associated with control structures in other 
projects. However, these comparisons must be taken with a grain of salt as all of the systems being 
compared were different sizes. Therefore, it can be assumed that the excavation costs of this project are 
lower than the global range because the overall area of the HSSF-CW system was significantly lower 
than that of the other projects. Additionally, the quote received for buying tezontle from a local 
company included delivery. Upon delivery, if the media does not look as uniform as promised and there 
is noticeably high proportion of fines, a vibrating screen could be rented and the media could be sieved. 
Additionally, the suppliers of tezontle used in this case study could also supply a sieved tezontle for a 
higher price. Both options would increase capital costs and extend the timeline of the project, delaying 
filling of the bed. 
 There exist two other factors that make the implementation of this CW financially favorable. 
The first is that the WWTP had existing land designated for future growth. Typically, the largest concern 
in siting a CW is land availability and in financing, is land cost. This project skirts both concerns with 
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available land that will cost nothing to use. The second factor is the price of labor. In Mexico, the 
minimum wage is 88.63 pesos per day which is just under $5 for a full day of work. When this is 
compared to the minimum wage in the United States, $7.25/hr, a full day of work for laborer in the US is 
almost 12 times more expensive. For this reason, it was financially feasible to have laborers hand fill the 
HSSF-CW with media because it was cheaper to pay multiple workers for multiple days than to rent 
expensive equipment.  
 For O&M costs, this report makes the assumption that the existing WWTP would absorb the 
needed costs for ongoing maintenance of the HSSF-CW system as it is integrated into the conventional 
treatment scheme. If this project were funded for development by CONAGUA, funds would be set aside 
for labor, replacement tezontle, any external sludge removal service deemed necessary, and laboratory 
testing of effluent wastewater samples to meet Mexican surface water discharge standards. The cost for 
laboratory testing of wastewater effluent would be based on the total number of samples expected in a 
year and include the cost of analysis by a certified laboratory plus sample delivery. 
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Chapter 5: Conclusions 
 After the considerations set forth in the previous chapters, it is the recommendation of this 
report that the proposed design and implementation of a HSSF-CW at the San Pedro Tesistán WWTP is a 
sustainable, feasible and appropriate solution to existing poor wastewater treatment at that location for 
BOD and TSS removal. A more thorough analysis is required before this project would be submitted to 
the Mexican government for consideration for development. This follow-up analysis would include 
modeling of the transport of contaminants or pathogen removal within the constructed wetland, which 
this study lacked the resources to implement. This modeling would allow for a discussion surrounding 
changing design parameters and seeing the subsequent effects on performance and cost effectiveness. 
Additionally, it is common in construction projects in the United States to consider conservative safety 
factors with construction projects. Safety factors can be used in combination with the surface area of 
the CW required, but this report did not explore what that added required land would do to 
performance of the bed for effluent removal or what safety factors are typical in Mexico. A typical value 
of this factor is 20%, but such an increase would also increase materials, labor, and ultimately cost.28 As 
a note, while a land size safety factor was not incorporated, several layers of safety factors were 
included in the hydraulic gradient, slope, and hydraulic conductivities used in design. 
 Limitations of this study should be acknowledged.  One of the largest is that the design was 
based on empirical relationships that cannot be entirely justified with rigorous evidence that would 
imply ‘rational design’. The reason for this is because the science of the field of constructed wetlands is 
rather young and weak, as compared to that of conventional wastewater treatment. As such, this report 
utilized equations, removal efficiencies, models, media properties, and other operational trends from 
other research for suggesting the CW design in this case study. As noted previously, it is impossible to 
compare the results of different CW systems, “since the parameters employed to measure 
performances are rarely homogenous” or clearly presented.68 Where possible, the research referenced 
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was from similar cultural, climactic, or financially resourced areas, as with most of the material cited 
from the Zurita research group from the University of Guadalajara. Additional limitations of the study 
include a lack of quantity in data points, which did not allow for knowledge of wastewater flow rates 
throughout day or year to be accounted for, as well as a lack of precision regarding cost estimation. 
  Limitations aside, this report showed that an add-on HSSF-CW is a good fit for the wastewater 
pollution problem seen in Lake Chapala, with regard to BOD and TSS removal, which are the main 
contaminants monitored by the Mexican government. However, the system designed in this case study 
would not provide enough pathogen removal without additional disinfection. The cultural liaison noted 
that the government is in final discussions to update NOM-001 which would move to only measuring 
total organic carbon (TOC) and COD. These measurements would capture even less of the public health 
problem at hand, making the use of additional disinfection even more critical to make this CW solution a 
viable one for public health purposes and not just for meeting environmental regulations. Future work 
would explore adding disinfection after the outlet of the CW bed, as the San Pedro Tesistán WWTP has a 
functioning disinfection unit, using liquid free chlorine. For the cost of minor excavation and pipe laying, 
the effluent of the HSSF-CW could be connected to the disinfection tank, treated with chlorine, and 
discharged to Lake Chapala, which would alleviate the public health problem with greater impact than 
the design explored in this case-study. Additionally, there are over 30 other conventional WWTPs 
currently discharging into this same body of water.38 This study shows that for a cost lower than building 
a newer conventional WWTP, or more reasonably, rehabbing an existing one, the quality of effluent 
reaching this public body of water could be improved by implementing a simple and cost-effective 
constructed wetland system.  This finding suggests future research into the impact of each WWTP 
adopting a constructed wetland on the improvement of the overall water quality of Lake Chapala. 
 
 
 80 
 
Appendix 
Table 15 Full effluent data from the San Pedro Tesistán WWTP 
Sampling Date T (ᵒC) 
BOD 
(mg/L) 
TSS 
(mg/L) 
COD 
(mg/L) 
TN 
(mg/L) 
TP 
(mg/L) 
Fecal Coliforms 
(CFU/100 ml) 
5/27/2008   60.6 51 282 46.2 0.96 6.1x107 
9/11/2008   76.8 40 69 19.3 2.15   
11/5/2008 24 74.8 25 64 9.4 2.35  
3/18/2010 24 94.9   353 23.9 8.31   
5/24/2010 25.3 71.4 207 464 60.8 27.2 4.3x106 
AVERAGE 24.4 75.7 80.8 245 31.9 8.20 3.27x107 
MAX 25.3 94.9 207 464 60.8 27.2 6.1x107 
LIMIT 40 30 40 120 15 5 1000 
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Wetland Size Calculation 
Step 1:  
Media= tezontle 
Vegetation= P. australis, T. latifolia, Z. aethiopica 
Bed depth (d)= 0.6 m 
Step 2: 
Porosity (ε)= 0.53 
Hydraulic conductivity (ks)= 3333 
Step 3: 
kT = k20(1.06)T–20    kT = 1.104*(1.06)24.4-20= 1.43 day-1 
As= [Qi (lnCi- lnCe )]/[kTεd] 
As =[ 259.3*(ln(94.89)-ln(30)]/(1.43*0.53*0.6)  As= 656.6 m2 
Iteration 1 on Aspect Ratio 
Step 4: 
Aspect Ratio (AR)= 4:1 
As= L*W 
L= sqrt(AR* As) L= sqrt(4*656.6) L= 51.2 m 
W= As/ L (656.6/44.4) W= 12.8 m 
AC= W*d (12.8*0.6) Ac= 7.7 m2 
Step 5: 
QD = ksAcs  
s= h/L, where h=.7*d     s= 0.42/51.2= 0.0082 
QD =(3333)*(7.7)*(0.0082) QD= 209.979 
QD < Q  Iterate with smaller AR               
Iteration 2 on Aspect Ratio 
Step 4: 
Aspect Ratio (AR)= 2:1 
As= L*W 
L= sqrt(AR* As) L= sqrt(2*656.6) L= 36.2 m 
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W= As/ L (656.6/36.2) W= 18.1 m 
AC= W*d (18.1*0.6) Ac= 10.9 m2 
Step 5: 
QD = ksAcs  
s= h/L, where h=.7*d     s= 0.42/36.2= 0.01159 
QD =(3333)*(10.9)*(0.01159) QD= 419.96 
QD > Q  Iterate with larger AR       
Iteration 3 on AR         
Step 4: 
Aspect Ratio (AR)= 3:1 
As= L*W 
L= sqrt(AR* As) L= sqrt(3*656.6) L= 44.4 m 
W= As/ L (656.6/44.4) W= 14.8 m 
AC= W*d (14.8*0.6) Ac= 8.9 m2 
Step 5: 
QD = ksAcs  
s= h/L, where h=.7*d     s= 0.42/44.4= 0.0095 
QD =(3333)*(8.9)*(0.0095) QD= 279. 972 
QD ≅ Q  279.972  ≅ 259.3               
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TSS removal design equations 
Equations 1-3;41 
                                         ttravel= 
𝐿
𝑣
                                                    (1) 
where 
L= wetland length, m 
ttravel= time of particle to traverse wetland, s 
v = actual flow velocity, m/s 
                                           tfall=
ℎ
𝑤
                                                               (2) 
where 
h=water depth, m 
tfall= time to fall, s 
w= terminal settling velocity of particle, m/s 
 
Taking Equations 1 and 2 together, the conditions that satisfy settling out the TSS are given by Equation 
3.  
                    Setting of SS when          
𝐿
𝑣
  >  
𝑑10
𝑤
                                                         (3) 
where 
d10= particle size representing smallest 10% of bed media, m 
L= bed length, m 
v= flow velocity, m/s 
w=terminal settling velocity, m/s 
 
This relationship shows that theoretically, if the settling time (d10/w) is less than the travel time (L/v), 
the suspended solids on average, but not for all flow elements, will settle out. Additionally, the settling 
time is a function of particle size. In practice, the falling rate of a particle is much greater than the actual 
flow velocity of the wastewater so most particles from the influent wastewater settle out within the first 
5% of the bed length.41  
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